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Preface 


The variety of electronic musical instruments that can be 
built, each capable of a wider range of musical sounds than 
its conventional counterpart, is virtually endless. The versa- 
tility of the electronic organ has already been established, 
and although its sound can never exactly duplicate the rich, 
mellow tones of a fine pipe organ, the electronic organ has 
gained wide public acceptance. Moreover, despite several 
other entrants into the electronic instrument field, the sur- 
face has barely been scratched. 


A musician associates sound qualities with conventional 
orchestral instruments. An electronics engineer, however, 
considers sounds as syntheses of frequencies. Neither con- 
cept presents a complete picture. 


Some musicians have long been aware of the special na- 
ture of electronic musical instruments and have given them 
a place alongside classical instruments. Other musicians have 
firmly asserted that electronic “machines” were not truly mu- 
sical instruments and have summarily rejected them as “odd- 
balls.” Engineers, taking a more pragmatic approach, real- 
ized the suitability of electronics devices in providing special 
sound effects. 


Whether you play electronic musical instruments or 
whether you build and repair them, you will need to know 
both music and electronics in order to understand how the 
two can be successfully combined. This is the kind of infor- 


mation presented in this book. Starting with background in- 


formation on music and conventional musical instruments, 
it tells you how microphones and other sound pickup devices 
are used with conventional instruments—the first step in uti- 
lizing electronics as an aid in producing music. Special ef- 
fects that can be produced solely with electronic equipment, 


including circuits capable of generating, shaping and ampli- 
fying tones, are discussed in the chapter on electronic instru- 
ment design. 


The applications of transducers (microphones, pickups, 
speakers, and reverberation units ) are also described, as are 
some of the special systems for electronically producing mu- 
sical coloration effects. 


Of special interest to electronic technicians, musicians, 
hobbyists, and audiophiles is the final chapter on servicing 
and installation. Also described are mechanical, electrical, 
and acoustical considerations, tone controls, and vibrato and 
tremolo systems. 


I would like to express my thanks to the many persons who 
helped in the preparation of this book by making technical 
and illustrative material available, and to those in the field 
with whom I have worked to acquire the experience which 
made it possible for me to write this volume. 


NorMAN H. CROWHURST 
March, 1962 
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CHAPTER 1 


Introduction to 


Musical Instruments 


To be acceptable, electronic musical instruments must of 
course make recognizable musical sounds. Therefore, the 
first step toward understanding electronic musical instru- 
ments is a knowledge of how nonelectronic ones produce 
their characteristic sounds. 

Stringed instruments have one or more stretched strings 
or wires which are struck, plucked, or bowed; wind instru- 
ments consist of pipes that are blown; and so on. But the 
sounds they make are not so simple as the above description 
would seem to indicate. Even different instruments of the 
same musical group have different musical qualities, and in- 
struments of different groups most definitely do. Let’s look at 
stringed instruments first. 


STRINGED INSTRUMENTS 


A string stretched between two rigid supports will not 
produce a loud sound, no matter how strongly it vibrates. 
Nor is its sound distinguishable from that produced by an- 
other string of the same length, cross section, and compo- 
sition. No, any stringed instrument—whether a piano, clavi- 
chord, dulcimer, harp, guitar, mandolin, ukulele, banjo, 
spinet, harpsichord, or one of the family of violins—-needs 
something else besides merely stretched strings to produce 
its characteristic sound. 

This something in a piano is known as a soundboard—a 
large, comparatively rigid wooden board that translates the 
weak vibrations of the strings into sound. A bridge supports 
the strings at one end of their active, or vibrating, length. 
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Over this aptly-named device the vibrations are conveyed 
from the strings to the soundboard (Fig. 1-1). To show how 
necessary the soundboard is: Pianos intended only for elec- 
tronic amplification have been built on a completely rigid 
frame, without a soundboard. With their amplifiers switched 
off, such pianos make virtually no sound at all when a key 
is depressed. 


IRON FRAME STRING 


SOUND BOARD BRIDGE HAMMER 


Fig. 1-1. Soundboard of Grand piano. 


The other stringed instruments also have a bridge that 
communicates the vibrations of their strings to the body of 
the instrument. It is largely the materials used and the shapes 
of the instruments that give such a variety of sound charac- 
teristics to the vibrations originating from the strings. These 
two factors mainly determine the sustained quality of the 
tones an instruments will produce. (“Sustain” is the sound 
heard when a note is being heard at a steady pitch or is 
dying away, as opposed to the sound of the note when first 
played. ) 


Construction 

It has been established that two factors important to the 
quality of sound from a musical instrument are the type of 
body and the way the vibrations are transmitted through the 
body. Also important is the way the vibrations are trans- 
mitted to it. Even in the big string bass, moving the heel of 
the bridge a small fraction of an inch can completely alter 
the tonal quality of the instrument. 

A vibrating string moves in two directions: One is the 
obvious side-to-side vibration (Fig. 1-2); the second is 
lengthwise, at twice the fundamental frequency, as_ its 
tension changes. If the bridge is mounted so it is free to rock 
back and forth (Fig. 1-3), the lengthwise vibration will be 
favored. As a result, the second-harmonic group of sounds 
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BRIDGE VIBRATION 
t VIBRATING STRING 


{VIBRATION TRANSMITTED TO SOUND BOARD 


Fig. 1-2. The usual mode of vibration conveyed to 
the sound board. 


will give a “thin” tonal quality. On the other hand, if the 
bridge is mounted so it cannot rock, only the side-to-side vi- 
brations will be transmitted to the body and the sound will 
be much fuller and richer. 

The simpler instruments have only one string for each 
note. The piano, twelve-string guitar, several mandolins, and 
other more highly developed instruments have more than 
one string tuned to the same note and designed to vibrate 
in unison. The tone thus has a fuller quality than with only 
one string. The tinny sound of the old-time “honky-tonk” 
piano is produced by disabling all but one string for each 
note. A toy piano has much the same sound. 

Resonance, both mechanical and acoustical, is the quality 
that gives a musical instrument much of its musical “color.” 
It is defined as the enriching of a musical tone by supple- 
menting the vibration (in stringed instruments, of the 
string). This supplementing is done by the soundboard in a 
piano, the wooden body of a guitar or violin, the smaller 
structure of a mandolin, and the drum-shaped body of a 
banjo. Where the body of the instrument encloses a volume 
of air (as in the guitar, violin, and mandolin), the cavity 
contributes heavily to the musical effect. A banjo produces 
the same effect, but a different sound, because of the me- 
chanical resonance of the stretched drum skin. 

The production of the individual tones, and the control of 
their pitch, are also important distinguishing features of 


BRIDGE 
VIBRATION 
oe VIBRATING STRING 


DOUBLE BEND SOUND BOARD VIBRATION 
Fig. 1-3. The other basic vibration. 


stringed instruments. As a piano is being played, the length 
and tension of the strings do not change (or should not); if 
they do, the piano must be “tuned.” This is not true of the 
harp family; although the length of all strings is fixed, the 
tension can be varied to change the pitch of some harps. 


How They Are Played 


Some instruments produce definite notes rather than a 
continuously changing pitch. Most instruments of the guitar 
family, for example, have small ribs of wood or metal called 
frets under the strings, on the fingerboard. By fingering just 
behind the frets, the musician can produce definite notes. 
True, he can change the pitch slightly by pressing the strings 
sideways. However, the frets separate the notes quite 
definitely. 

On the other hand, the violin has no frets (Fig. 1-4). By 
using his bow and fingers, the violinist can change the pitch 
quite smoothly over the entire scale; there are no perceptible 
intervals in the notes. 

Probably the biggest distinction in sound is determined by 
the way the strings are set into vibration. Notice the dramatic 
difference in the violin when played with a bow and when 
played pizzicato (by plucking the strings). The hardness of 
the plucking object (finger, fingernail, or plectrum) makes 
a considerable difference in the sound. 

Striking, as opposed to plucking, produces still another 
sound. Moreover, the surface of the striking hammer (e.g., in 
a piano), as well as the sharpness of the impact, can change 
the tone dramatically. The point where the vibration is 
initiated (Fig. 1-5)—whether the string is struck, plucked, 
or bowed—also affects the tone. 

Strings are seldom played at the center of their free vi- 
brating length. If they were, the fundamental frequency to 
which the string was tuned would predominate; as a result, 
the tone would be “woolly” (lacking in timbre). Moving the 
point at which the string is “excited” (a general term that 
covers striking, plucking, or bowing) nearer to one -end 
causes the string. to produce more harmonics (overtones ) 
and thereby makes the sound richer. When the point of 
excitation is quite near the end of the string, the slightest 
change in position can make a tremendous difference in the 
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Fig. 1-4. Violin (left, courtesy William Lewis & Son.) Guitar (right, 
courtesy Fred Gretsch). 
overtone structure of the musical timbre. Here is where the 
musician can exercise considerable musical skill in playing 
the violin or other hand-held stringed instruments. ; 
Recall that the material used to strike or pluck a string 
can make a difference in tonal quality. The same is true of the 
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bow of a violin or other bowed instrument. Friction between 
the bow and string slowly moves the string to one side, until 
its tension forces the string to slip on the bow. The string 
continues to repeat the same sideward slip and release of 
tension. The sound can be enriched in overtones by applying 
rosin to the bow to make it “bite” the string more and thereby 
increase the friction. 

In conclusion, you can see that there are many factors 
contributing to the enormous range of tonal effects stringed 
instruments can produce. Let’s now take a look at wind 
instruments. 


Fig. 1-5. Three excitation points for strings. 


WIND INSTRUMENTS 


One essential difference between wind and stringed instru- 
ments is that the former produces sound directly as an 
acoustic wave, whereas stringed instruments generate a 
mechanical vibration which is then converted into acoustic 
wave. One might expect the tonal qualities of wind instru- 
ments to be simpler than those of stringed instruments. 
While true to some extent, most wind instruments provide 
as much range of tonal coloration as strings. 


Simple Pipes 

Horns, trumpets, and trombones are all basically pipes 
with one end flared out to radiate the acoustic vibrations. The 
vibration of air in the pipe consists of three parts that pro- 
duce the ultimate sound: 


1. A steady flow of air through the instrument. 

2. A fundamental note, due to a resonant vibration of the 
air, determined mainly by the length of the pipe. 

3. Other frequencies, in addition to the fundamental, 
determined by the diameter and composition (brass or 
wood ) of the pipe. 
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PRESSURE 
WAVE 


MEETS SUDDEN 
RELEASE 


STARTS RETURN WAVE 
Fig. 1-6. Initial sound wave and return wave. 


Air movement inside the pipe follows the normal pattern 
governed, by the propagation of sound waves. Pressure and 
particle movement in the pipe is about 1,100 feet per second. 
In an infinitely long pipe, any change in pressure and in the 
speed of the air particles would be translated into the change 
and speed anywhere along the pipe. But with a pipe of 
definite length, the wave is no longer confined within the 
pipe, once it reaches the end. As a result, the pressure almost 
vanishes and the movement increases. At the end of the pipe, 
this change causes a sound wave to be reflected back down 
the pipe (Fig. 1-6). When it reaches the beginning of the 
pipe, another reflected wave is sent up the pipe. Now let's 
follow a cycle, or period, of natural vibration controlled by 
this effect. 

A wave of high pressure moves forward along the pipe, 
accompanied by a forward movement of the particles (Fig. 
1-7). When the wave reaches the far end, the lack of restric- 


PRESSURE 
LLL 


WAVE MOVEMENT 
Fig. 1-7. Pressure-wave movement in a pipe. 


tion speeds up its movement and decreases the pressure. So 
the wave that starts back is now moving in a direction 
opposite that of the original wave, but at a lower pressure 
(i.e., rarefaction of air ). 

Should the reflected wave reach the “start” end of the 
pipe just as a loss of pressure occurs at that point for some 
other reason, the effects will augment each other. The net 
result of the combined forward and return waves is an al- 
ternate increase and decrease in the movement of the air 
(Fig, 1-8). At the same time, the pressure fluctuations inside 
the pipe will reach their maximum. In the illustration, the 


MAXIMUM PRESSURE 


A EM A A 


MINUMUM PRESSURE 


Fig. 1-8. Resonance at fundamental frequency 
in an open pipe. 


plain arrows represent the relative magnitude at which the 
air particles move at each point; the arrows with black rec- 
tangles, the direction of the pressure wave; and the arrows 
with white rectangles, the direction of the rarefaction wave. 
Note that maximum and minimum pressure (maximum rare- 
faction) occur alternately with reflection of rarefaction or 
pressure at the ends (first and third from the top). 

The lowest frequency a pipe can play is one whose wave- 
length is equal to twice the length of the pipe. With sound 
traveling 1,100 feet per second, a 5%4-foot pipe will accom- 
modate a wavelength of 11 feet, or a frequency of 100 cycles. 
The same pipe can also produce acoustic vibrations of higher 
frequencies, such that its wavelength is 1, 1%, 2, etc. In this 
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Fig. 1-9. Relation between modes of vibration in an open pipe. 


way, the 5%-foot pipe would be able to play wavelengths of 
5%, 324, 234 feet, and so on. These represent frequencies of 
200, 300, 400, etc., cycles. (Fig. 1-9). 

In order for the pipe to play any of these notes, the air 
must be able to move freely at both ends. The movement is 
provided at the outer end by the radiated sound wave, and 
at the inner end by the player as his lips vibrate. 

The tone emitted by the instrument is a combination of the 
steady flow of air, the fundamental, and other frequencies 
listed at the beginning of this section on wind instruments. 
The relationship between pressure and volume of air is not 
linear; hence the one wave movement superimposed on the 


Fig. 1-10. A C.G. Conn Trombone. 
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acoustic effect results in an asymmetrical waveform. More- 
over, the diameter of the pipe allows a secondary wave to 
bounce back and forth on its way down the pipe. The result 
is a high overtone grouping that gives character to the 
instrument. 

The note to be played in a wind instrument can be selected 
in one of several ways. In the trombone (Fig. 1-10) a sliding 
section changes the length of the pipe. In trumpets and most 


Fig. 1-11. A Vincent Bach Trumpet. 


modern horns, pipe length is changed by manipulating valves 
that connect or disconnect sections of pipe from the main 
length (Fig. 1-11). Flutes have finger holes which, when 
covered or uncovered, modify the kind of wave set up inside 
the pipe (Fig. 1-12). 


Reeds 

So-called reed instruments (e.g., the oboe and other wood- 
winds) have one or two reeds at the mouth end, as shown 
in Fig. 1-13. Vibrating in sympathy with the acoustic vibra- 
tion of the pipe, the reed develops pressure fluctuations at its 
tongue (vibrating portion ). Such a pipe has maximum move- 
ment at the open end and maximum pressure at the reed. As 
a result, the pattern of tones corresponds to wavelengths of 
Ys, %4, 1¥%4, etc. Thus the same pipe would produce 50, 150, 
250, etc., cycles. 


Overblowing 
Overblowing is the process of blowing harder than is 
needed to produce the fundamental. In this way, all wind 
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instruments can be made to change their note rather sud- 
denly from the lowest, or fundamental, to the next one up 
the scale. When the range provided by fingering or sliding 
is combined with the overtones that can be chosen by over- 
blowing, a skillful horn or trumpet player can cover quite a 
range of notes. 


Fig. 1-12. Position for playing the flute. 


Intonation 


Intonation is the changing of the effective length of the 
pipe, and thus the pitch, by altering the way the air vibrates 
around the mouthpiece end. In the hands of a skillful player, 
most wind instruments are subject to considerable intonation. 
For instance, try blowing across the mouth of a narrow- 
necked (i.e., milk or soft-drink) bottle. Scientifically, such a 
bottle is a replica of a Helmholtz resonator (an almost 
entirely enclosed cavity having an opening of acoustical 
conductance; its resonant frequency is determined by the 
ratio of the area of the opening to the enclosed volume). At 
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(A) Clarinet. (B) Oboe. 


(C) Bassoon. 


Fig. 1-13. Instruments using a wooden pipe and reeds (woodwinds). 
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first you may find it difficult to produce a sound, but with a 
little practice you can, by varying the way you blow, change 
its pitch by almost half a note. This is what the player of a 
wind instrument does, in one way or another—he changes 
the effective length of the pipe and hence the pitch, as we 
said earlier. 


HIGHER 
FREQUENCIES 
FREQUENCIES ee 
(A) General concept. (B) Polar radiation pattern. 


Fig. 1-14. The directional properties of a horn. 


One particularly noticeable quality about horns and trum- 
pets is their characteristic sharpness, or “brassiness.” This 
is due partly to the heavy proportion of high overtones and 
partly to the way the instrument ejects them. The main, or 
lower, frequency needs the horn mouth—the expanded end 
of the horn—to stretch, or develop, the acoustic sound wave. 
The higher-frequency overtones are developed in the 


Fig. 1-15. A mute in a trumpet or 
horn bell. 


narrower dimension of the pipe and are “squirted” out be- 
fore they can be affected by the horn mouth (Fig. 1-14). 
Putting a mute (Fig. 1-15) in the mouth of a trumpet pro- 
duces a radical change in the tone. The mute breaks up the 
“squirting” effect and makes the overtones radiate around it. 
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Organs 

Included in the category of wind instruments is the 
conventional pipe organ. For the most part, its pipes closely 
match the dimensions of the instruments it imitates. The 
main distinction is that each note is played by a separate pipe. 
Less conventionally shaped pipes can produce tones re- 
sembling those of other instruments, including strings. This 
is achieved by selecting pipe dimensions that yield an over- 
tone structure, or timbre, similar to that of the instrument 
being simulated. : 

Resonant Reeds—In the less expensive organs, the tones 
are generated by reeds instead of pipes. The reeds used in 
some wind instruments and in some pipes of an organ are 
not resonant. Instead, the dimensions of the pipe determine 
the note played; the reed merely vibrates in sympathy with 
the acoustic vibration in the pipe. In a reed organ and in 
an accordion (which also uses reeds as sound generators ), 
the reeds are resonant—they will vibrate at only their own 
natural frequency. 


TONGUE 


——t REED UNBLOWN 


Anais Ros REED BLOWN SOFTLY 
SMOOTH TONE 


ee REED BLOWN HARD 
= STRIDENT TONE 
a — MORE OVERTONES 


Fig. 1-16. Tone of a reed. 


The sound made by a resonant reed can be varied con- 
siderably. If the reed is excited so it vibrates vigorously, the 
air passing it will be chopped up (Fig. 1-16), and a sound 
very rich in overtones will be produced. Conversely, if the 
reed is blown more gently, or if the frame in which it is 
mounted allows air to pass more freely so the movement of 
the reed does not chop it, the sound produced will contain 
fewer overtones and will be deeper or mellower. 
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REEDS MOVABLE SHUTTER 
Fig. 1-17. Harmonium-type organ sound chest. 


The sound of a reed instrument can also be modified by the 
shape of the sound box. A reed organ and some of the better 
accordions (Fig. 1-17) are capable of considerable expression 
(volume expansion) when shutters are used on the sound 
box or chest. 


PERCUSSION 


The oldest musical instrument in the world was produced 
hundreds of centuries ago when some caveman beat two 
sticks together. Later he found that a hollow trunk produced 
an even louder sound. Eventually he learned to produce a 
drum by stretching the skin of an animal over a hole in the 
trunk. Instruments which are struck to produce a tone are 
known as percussions. 

A bar of wood produces a characteristic tone when hit, but 
the tone is almost too short to be identifiable. This problem 
is overcome in the xylophone and marimba by mounting the 
wooden bars over tubes tuned to the frequency of the bars 
(Fig. 1-18). When the bar is struck, the air inside the tube is 
made to vibrate. Being tuned to the same frequency as the 
bar, the tube catches most of the vibrant energy and amplifies 
it into sound. The tube also sustains the vibration of the air 


WOODEN BAR 
SUPPORTS (AT VIBRATIONAL NODES) 


Fig. 1-18. Xylophone or marimba tone-generating system. 
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CAVITY 


Fig. 1-19. Basic structure of a drum. 


particles near the wooden bar, to help maintain the vibra- 
tions longer than possible in stationary air. The result is the 
sustained and exceptionally pleasing tonal effect of the 
xylophone and marimba. In the instrument known as the 
vibraphone, or vibes, a beat is produced by slight off-tuning 
and by using more than one tube for each bar. 

The truer percussion instruments have even less definite 
musical tones, although each has its own characteristic sound. 
A drum consists of a resonant membrane controlled by its 
own state of tension and by the volume of air sealed beneath 
it (Fig. 1-19). A pedal tension adjustment on the drum en- 
ables its pitch to be varied after it is struck. Gongs and 
cymbals sound somewhat like bells but have a different 
frequency distribution in the audio spectrum. 

Castanets produce their sound acoustically, in the same 
manner as clapping one’s hands. As the hands or castanets 
are brought together, air is forced from the space between 
them (Fig. 1-20). When they make contact, the air in the 
cavity oscillates momentarily before coming to rest, and this 
oscillation causes the characteristic coloration. 
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Fig. 1-20. How castanets produce sound. 
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Wood blocks and other percussion devices all have their 
own tone coloration, controlled by the material of which they 
are made, their shape, and the way their vibrations are 
excited. 


PHYSICAL ANALYSIS OF MUSIC 


From the foregoing you can see how enormous is the range 
of musical sounds made by the different instruments. Let’s 
see in how many ways the sounds are varied to produce the 
recognizable characteristics that let us distinguish one instru- 
ment from another. 


Fundamental 


First and most obvious is the fundamental frequency, or 
pitch. For the standard concert pitch, the note A has a fre- 
quency of 440 cycles per second. Octaves above and below A 
have frequencies of 220 and 880 cycles, while successive 
octaves beyond are represented by 110 and 55 cycles, and 
1,760 and 3,520 cycles. The octave is divided into twelve 
intervals, with a ratio of approximately 1.059 from each note 
to the next. Multiplying this interval by itself twelve times 
gives the octave of 2:1 (Fig. 1-21). 


Harmonics 


Second, the tone has overtones or harmonics that give it a 
smooth, harsh, shrill, mellow, round, or hollow tone accord- 
ing to the proportion in which the overtones are mixed with 
the fundamental. Certain sounds, such as those produced by 
bells and gongs have no fundamental frequency—the pres- 
ence of overtones makes you think you are hearing the 
fundamental (Fig. 1-22). 


Transients 


Third, sounds have transient properties. Best known of 
these is the building up of the tone at the beginning and the 
dying away at the end. These properties of tones distinguish 
percussive sounds (such as those produced by pianos, bells, 
gongs, drums, xylophones, marimbas) from steady tones 
(such as those from organ pipes, some wind instruments, 
and violin instruments when played with a bow). 
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Fig. 1-21. Frequency step over an octave of the musical scale. 


A slightly different musical transient effect from the above 
is known as portamente. This is the gliding, or shifting, of a 
tone in frequency—for example, as when the bow of a violin is 
pulled across the string, the tone can be smoothly varied. 
Likewise, the tone of a harp or drum can be shifted by chang- 
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Fig. 1-22. Frequency spectrum of bell or chime tone. 
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ing the tension of the strings or skin, and a guitar can be 
made to produce a plaintive quality by changing the tension 
on the strings with the fingers. This gliding effect in all 
three examples is called glissendo. In some instances, the 
attack transient of a percussion tone actually includes a fre- 
quency shift, although this may not be the more noticeable 
property of the tone. 


Directional Properties 


Musical sounds also have directional properties. This is 
why a grand piano sounds different from an upright, al- 
though both are pianos. In the grand piano the soundboard 
is mounted horizontally, instead of vertically as in the up- 
right. 

Muting does not always appreciably alter the frequency 
content of a sound; instead, it has a greater effect on the way 
the sound is radiated. The directional properties of radiated 
sound explain why one of two equally good speakers of a 
stereo outfit may reproduce a particular instrument better 
than the other. The reason is that its radiation pattern is 
directionally more like that of the instrument. 


TOLERANCE OF HEARING 


So much for the differences we do hear, and which enable 
us to discriminate between various sounds. Now let’s con- 
sider the difference we don’t hear. 

Sound is composed of many frequency components, which 
may be reflected around the studio and in the room where 
they are being heard. These reflections will change the 
timing between frequency components, but will have no 
audible effect on the sound. For example, a fundamental plus 
a certain percentage of third harmonic may take any of the 
forms shown in Fig. 1-23. These three waveforms all sound 
alike, although they look quite different. This is a relatively 
simple example. More complex sounds can have even greater 
differences in waveform, without any apparent difference in 
their sound. 

The question of what constitutes an audible difference also 
depends on how critical the listener’s hearing is. Humans are 
amazingly tolerant in making up for deficiencies in their 
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hearing. The sounds from early phonograph records were 
barely recognizable as reproductions of the original; they 
were extremely deficient by modern, high-fidelity standards. 
Yet they were accepted—and even acclaimed—by listeners 
of that period as “lifelike.” In other words, given some recog- 
nizable portions of a sound known to the listener, he will 
psychologically “fill in” what is missing. 


Fig. 1-23. Identical sounding waves. 


However, progress has shown that our hearing is much 
more pleased, and listening much less fatiguing, when the 
sound closely approximates the original. This fact must be 
taken into account in electronic musical instruments, too. 

The nonlinearity characteristic of the human ear must also 
be taken into consideration. The human ear hears logarith- 
mically and is less sensitive to both the high and low portions 
of the audio spectrum. 

The nonlinear characteristic has other effects on hearing. 
When a pure tone of high intensity is heard, harmonics are 
produced in the ear. If two or more tones at high intensity 
are impressed on the ear, their sum and difference frequen- 
cies will also appear, producing a different overall sound. 
Another effect of human hearing is an increase in pitch when 
the intensity of a tone is increased. This change in pitch be- 
comes greater as the frequency of the tone is decreased. 

The human ear is most sensitive between 1.5 and 6 ke. 
Our ears can also hear a great dynamic range—a ratio of one 
trillion to one. 

Thus, the important point is not to recreate a specific wave- 
form in a musical sound. Rather it is to find the essential 


26 


elements that produce the required tonal effect, and the 
recreating of this effect. The latter is what has made the 


development of electronic musical instruments such an 
interesting pursuit. 


CHAPTER 2 


Sound Reinforcement 


by Microphone 


At first thought a microphone seemingly has only to faith- 
fully pick up all the components of the original sound so 
they can be amplified in the correct proportions. Un- 
fortunately the task is not so easy. Human hearing makes 
some listening corrections that a microphone cannot make. 
But once the sound is amplified, these allowances no longer 
can be made by the ear. As a result, the amplified sound 
seems unrealistic—even though it may be an exact reproduc- 
tion of the sound picked up by the microphone. 


GENERAL CONSIDERATIONS 


The real limitation of a microphone is that it can never 
do the job in the same manner as a human ear. Microphones 
can be placed close to the source or some distance from it, 
like the ear. However, in most applications considered in this 
book, the microphone is placed very close—often where it 
would be impossible to place the ear, such as inside an 
accordion! So the sound the microphone picks up from an 
instrument is likely to be very different from what your ears 
hear from the same instrument. 

The other extreme, often thought to be an ideal way to 
record or relay sound (such as in broadcasting) is to put the 
microphone where an average listener would be sitting or 
standing—in the middle of the audience, for example. Results 
obtained under these extreme circumstances illustrate the 
difference between human hearing and a microphone pickup. 
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Long-Range Pickup 

During long-range pickup, the sounds heard are not pos 
those directly from the instrument, but also some reflecte 
from the walls of the room or auditorium and heard as 6 
verberation (Fig. 2-1). If the auditorium is very large, this 
reflection will be heard as an echo of the original sound. In 
normal rooms and well-treated auditoriums, the sponlees: 
sound (unlike an echo) cannot be distinguished ore t : 
original, but is always audible as a liveness” associated with 


the room. 


Fig. 2-1. Sound paths in an auditorium. 


Human hearing makes correction for this reflection or re- 
verberation. We know it is there, but because we are more 
interested in the original sound, we subconsciously concen- 
trate on the latter—just as we have all been practicing sub 
consciously to maintain our balance when walking, without 

inki out it. 
ea eenes 20m picks up all the sound, both direct and 
reflected, indiscriminately. It has no means of concentrating 
on the direct sound. When reproduced, this sound has 
unrealistically large amount of reverberations, which can be 
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overcome somewhat by pointing a directional microphone at 
the source of sound. In recording and broadcasting, the 
more usual procedure—even with directional mikes—is to 
place them close to the source. 

Directional microphones can help long-range pickup, by 
doing almost what human hearing can do. That is, they can 
absorb all the sounds going on around a person, recognize 
the direction of each sound, and pick out the desired sound 
or groups of sound for concentrated attention. What human 
hearing does subconsciously the directional microphone does 
mechanically, of course—concentrating its attention in one or 
two specific directions according to its characteristics. 


DEAD 


DIRECTIONS OF MAXIMUM PICKUP 


he 7 BEA 


Fig. 2-2. Pickup pattern of a bidirectional microphone. 


The two main types of directional microphones are the 
bidirectional and unidirectional. The bidirectional picks up 
sounds from opposite directions equally, but rejects those 
coming from top, bottom, and sides (Fig, 2-2). The uni- 
directional microphone, sometimes called a cardioid because 
of its heartshaped pickup pattern, picks up sounds predomi- 
nantly from in front, while rejecting those coming from the 
back (Fig. 2-3). 

Although the unidirectional is the more obviously useful, 
the bidirectional can often be employed effectively. For in- 
stance, when placed between two instruments or groups, it 
will pick them up with less crowding (Fig. 2-4). There are 
two reasons for this. First, the players or instruments can be 
farther apart instead of having to crowd around the micro- 
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RECTION OF MAXIMUM PICKUP 
DEAD DIREC 


Fig. 2-3. Pickup pattern. of a unidirectional, 
or cardioid, microphone. 


phone. Second, more of the sounds coming from the sides are 
rejected, except in a very small area behind the mike. 

So, if you have occasion to use long-range pickup and want 
to make one or two microphones do, it would be worth your 
while to learn how to make the best of the bidirectional type. 
Whether a unidirectional or bidirectional microphone is used, 
however, the microphone can be placed at a more comfort- 


able distance from the sound source than is possible with a 


“ . * . ”> 
nondirectional (sometimes called an omnidirectional” ) 


TRUMPET DOES NOT PLAY a 
DIRECTLY AT MIKE , ae 2 


+ 


Fig. 2-4. Using a bidirectional microphone to 
best advantage. 
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type, which must be close to the source to avoid picking up 
surrounding noise. 

An important feature of any directional over any non- 
directional microphone is its effect on frequency response 
when used for close pickup. A directional microphone 
exaggerates the bass notes tremendously. This feature was 
exploited by some crooners for many years. By singing very 
close to the microphone, they could give extreme emphasis 
to the low tones of their voice and thereby get a soft, boomy 
quality. The moral is: if you don’t want that quality, don’t 
use a directional microphone—or else keep your distance! 


Close Pickup 


Putting the microphone very close to the source of sound 
gives the listener a different impression from the one men- 
tioned earlier, and for a similar reason. If a person speaks 
softly three inches from your ear and then moves back a foot, 
you don’t notice much difference in volume unless surround- 
ing noise drowns him out. The reason is that human hearing 
has perspective—it compensates for sound at different dis- 
tances (as long as the distances are not too great), so they 
are heard at their original loudness. 

A microphone, on the other hand, will give a much 
greater output from the source three inches away. If you 
put your ear close to the grill of an accordion, the reeds 
nearest your ear will seem closer than those farther away, of 
course, but they will not sound appreciably louder. Because 
human hearing conveys a sense of distance, it automatically 
compensates for differences in loudness. But a microphone 
has no such impression of distance and thus cannot compen- 
sate for it. 

There is, however, one exception. This is where the micro- 
phone location is sufficiently enclosed to equalize the sound 
pressure. The grill of an accordion, for example, allows most 
of the sound generated by the reeds to escape. As a result, 
the sound becomes weaker the farther it is from the micro- 
phone, even behind the grill. On the other hand, only a 
limited amount of sound made inside a violin body by its 
vibrations can escape through the “f” holes. So the sound 
intensity is quite uniform, except very close to a vibrating 
element such as the sound post or bass bar (Fig. 2-5). 
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Stereo 

Before leaving the general area of microphone pickup, we 
should clarify the use of stereo, or multiple-microphone, 
systems. In high fidelity useage, stereo must have at least 
two channels, from input to output. But for musical- 
instrument usage, the purpose of using more than one micro- 
phone is somewhat different and does not require separate 
channels all the way to the output. 


BRIDGE 


F-HOLES BELLY 


BASS BAR 


BACK 


SOUND POST 


Fig. 2-5. Violin cross section showing sound- 
producing parts. 


The use of two or more microphones does to some extent 
what your ears do when you are too close to the sound source 
for comfort. By means of perspective, the microphones are 
able to equalize the difference in intensity between the 
sources. Without two-channel treatment the bass and treble 
of an accordion, for example, may sound as if the bass is in 
the same room but the treble is elsewhere. This is due to the 
quality differences between the microphone pickups. These 
quality differences may be inherent in the microphones 
themselves, or they may be due to the way the microphones 
are positioned. 

Separate control, with individual channels, enables the 
level of bass and treble and their proportions of lower and 
higher frequencies to be adjusted separately. After such ad- 
justment, the two are combined in a single system so the 
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ultimate result will sound like one instrument, not two. Thus 
the purpose of multiple microphone systems as applied to 
musical instrument usage, is to give integration—not segrega- 
tion or separation. 


SPECIFIC INSTRUMENT PICKUP 


Having discussed these general facts about microphone 


pickup, let’s see how to apply the techniques to various in- 
struments. 


Accordion 


The closer each microphone is to the reeds of an accordion, 
the more microphones will be needed to equalize the ap- 
parent intensity of sound all along the reeds (Fig. 2-6). 
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Fig. 2-6. Microphone arrangements for uniform 
reed pickup. 


Baffle plates can sometimes help, but they can also add 
undesirable coloration effects of their own—rather like the 
effect you get by holding a disc or shell over your ear while 
you listen. 

Another problem caused by too close placement of micro- 
phones is pickup of partially developed sound waves. This is 
particularly troublesome at the bass end of an accordion. 
Bass frequencies have very long wavelengths. The. small 
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reeds do not directly develop the low frequencies they 
radiate, as does the soundboard of stringed instruments. 
Instead the reed produces a fluctuating air flow, which is not 
a true sound wave until it has been expanded to a size com- 
parable to the wavelength of its frequency. 

Hence, close to the low-frequency (bass) reeds, the air 
is still a series of small fluctuations. A microphone in this 


BELLOWS 


BASS TREBLE 


Fig. 2-7. Bass microphone mounted inside an 
accordion bellows. 


position will pick up a very reedy sound, but very little of 
the real frequency. Since it is impractical to hang the micro- 
phone outside the bass grill, many manufacturers put it in- 
side the accordion bellows (Fig. 2-7). 


Brass and Woodwind Instruments 

Similar problems are involved in trying to amplify brass 
and woodwind instruments. Seemingly there is little reason 
to want to amplify brass instruments. Woodwind musicians, 
however, feel they have trouble being heard above the other 
instruments of the orchestra, so they possibly could benefit 
from amplification. The main problem is where to place the 
microphone. Of course, conventional stand or boom mikes 
are satisfactory. A microphone built into the instrument 
would have to be especially designed, because the sound at 
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any point in contact with the instrument itself would not be 
properly developed. 


Strings 

The sound from strings is easier to pick up with a micro- 
phone. The sound of a violin is produced essentially by the 
specially crafted “box” that forms the instrument frame as a 
string vibrates against the bridge. The sound inside the “box” 
is quite different from the exterior sound. Its coloration varies 
from point to point inside quite dramatically. In particular, 
the sound post that holds the middle of the case in its bowed- 
apart shape makes a big difference in the sound produced 
near it. 

Best results with the violin family can be achieved by 
using two small microphones, one inside and one outside 
(Fig. 2-8). The exact position and mounting are very critical 


TOP MICROPHONE PICKS UP BELLY SOUND 


INSIDE MICROPHONE PICKS UP LOWER RANGE 


Fig. 2-8. Two microphones mounted to pick up 
violin sounds. 


with respect to their effect on the final sound, but often the 
results are quite impressive. 

The sound of a cello, double bass, or other member of the 
violin family that is rested on the floor differs radically from 
those rested against the player’s chin. In the former the 
sound vibrations are transmitted to the floor, which becomes 
part of the sound radiator. (A musician’s chin is not partic- 
ularly reverberant!) The floor construction can alter the 
sound of a cello or double bass considerably. If the floor is 
constructed of concrete, the unlucky player is not going to 
be heard too well. 

Fortunately, this is something amplification can over- 
come. If well done, it can even minimize the variation of 
sound from one performance location to another. With a 
good microphone system installed on a bass, the player is far 
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less affected by the room in which he is playing. A two-mike 
system can mix the signals and thereby give quite a variation. 
This helps him not only compensate for differences in en- 


vironment, but also adjusts his tone quality to various kinds = 
of music such as bright or mellow (Fig. 2-9). & 
95 
Pianos 3° 
Piano sound can be amplified by either internally or ex- A 
ternally mounted microphones. If they are placed inside, the —— 
ADT 


piano should not be closed. Without amplification, playing 
a closed piano mainly suppresses some of its sound. As a 
result, the quality is not quite so rich, although the sound is 
still that of a piano. A microphone inside a closed piano picks 
up a very “boxy” sound, quite unlike that of a quality piano. 
But open the piano and the boxy sound disappears. 


SOUND FROM 
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pia TO AMPLIFIER 

INPUT 


OUTSIDE 
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INSTRUMENT 


Fig. 2-9. A simple mixer for musical instruments. 


SOUND BOARD 
SOUND RADIABLES 


FROM BACK 


A piano has such a large soundboard that quite good effects 
can be achieved with only one microphone; nor is its place- 
ment too important. In fact, attempts to record a piano in 
stereo (although I do not know why anyone would want to 


hear a piano stereophonically ) are plagued by this “spread” 
of sound from a piano. Put the microphone near the bass (( 
strings, and the treble end is by no means weak. Put it near 
the treble end and the bass is still quite audible, although 
the treble may be more brilliant. 

Incidentally, the most brilliant sound from a grand piano 
comes from underneath it. In an upright, the best spot de- 
pends on the construction of the individual instrument. The 


case usually obstructs the egress of sound to a greater extent 
than in grand pianos (Fig. 2-10). Figh Soh. Gesuid saiation oie we ghiecedlahid. hake: 
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Percussion 


Amplification of percussion instruments—drums, traps, 
cymbals, marimbas, and vibes—would seem to be easy, but 
they can prove to be the most difficult of all instruments to 
handle. This is where the question of distance—using ordi- 
nary microphones, rather than any variety of built-ins— 
really creates a problem. At a distance, the quality of the 
percussion is realistic but the effect tends to be too re- 
verberant. Placing the microphone close enough to avoid 
reverberation results in an unnatural explosive effect. 

This problem is probably a good argument for providing 
percussion instruments with built-in amplification. The 
question though, is how? Here are the problems: Fortunately 
the follow-through sound, the boom of the drum, the sus- 
tained “sizzle” of the cymbal, and the musical quality of the 
marimba and vibe are no problem. But the initial impact is 
explosive—the sound comes out as a plopping, sputtering 
effect rather than the clean sound it should be. 

Partly this is due to the excessive level of this sound wave 
component; it overloads most amplifier systems. The remedy 
is to use microphones that can handle this impact, followed 


a 


(A) Actual (B) Waveform (C) Transient 
waveform. properly clipped. shock distortion. 


Fig. 2-11. High-amplitude initial transients (from struck or 
plucked sounds). 


by amplifiers that also can take it. But this isn’t all. When the 
microphone is too close, the impact sound actually is too 
intense to be tolerable even when undistorted. If you put 
your ear where the mike has to be, you'd find the explosive 
quality almost painful, although the musical portion would 
still be only pleasantly loud. The remedy is to adjust the 
perspective so the sound will more closely resemble what is 
heard at normal distances. 
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One possibility is an amplifier designed to limit the ex- 
plosive amplitude (electrically ) without producing distortion 
(Fig. 2-11). One reason the impact sound shows up so 
distinctly is that the sudden distortion hangs on for a moment 
after the impact and thus emphasizes it. 

Another possibility needs more investigation to be success- 
ful, but has better potential once the right “formula” is 
found. What is needed is an electrical counterpart of the 
effect which sound radiation has in modifying the propor- 
tions of the impact and follow-through. At a distance, the 
impact is attenuated because it disperses, whereas the follow- 
through sound is reinforced by reverberative effects. 

There, at any rate, is an area for experimenters to get 
busy in and see what they can do. 
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CHAPTER 3 


Sound Reproduction 


by Pickups 


The major difference between microphones and pickups is 
that microphones are sensitive to the acoustical vibrations or 
airborne sound waves, whereas pickups are sensitive to the 
mechanical vibration of some part of the instrument. Because 
mechanical vibrations are more directly translatable into 
sound, there are many jobs for which pickups are definitely 
superior to microphones. 

In the musical-instrument business, pickup and micro- 
phone are sometimes used interchangeably because the two 
have similar functions, which may not be apparent to the 
user. In this book, however, the distinction between the two 
shall be maintained. 

The pickups commonly found in wind instruments such as 
accordions and harmonicas are really microphones, because 
they pick up airborne sound waves and not the vibrations of 
the reeds directly. On instruments of the violin family, they 
are usually microphones also, except on instruments designed 
specifically for amplification. Guitars and similar instruments 
invariably utilize true pickups, not microphones. 

Unlike microphones, pickups are insensitive to reverbera- 
tion effects or to cavity resonances. Nor do they pick up 
spurious sounds. However, pickups do have design and place- 
ment problems of their own. 


HAND PLAYED STRINGED INSTRUMENTS 


In magnetic pickups, the vibration of a steel string pro- 
duces an output, as shown in Fig. 3-1. The amount can be 
controlled by the spacing between the pole (or poles) of the 


43 


—— 


CHANGING THIS GAP WITH 
VIBRATION , PRODUCES OUTPUT 


STEEL STRING 


Fig. 3-1. Principle of magnetic pickup. 


pickup and string. The quality is controlled by the placement 
of the pickup pole along the string. 

Fig. 3-2 shows the maximum excursion of a string vibrating 
at its fundamental and its second-, and third-harmonic fre- 
quencies in such a way that the increase in tension is the 
same at each frequency. A pickup placed at the center 
of the string will reproduce mainly the fundamental. No 
second harmonics will appear because the string does not 
move at that frequency. Third harmonics will be reproduced 
at one-third the relative intensity which the bridge transmits 
to the body of the instrument. 


Pickup Position Along String 


When the pickup is placed at the center of the string, no 
even-order harmonics (second, fourth, sixth, etc.) are picked 
up. Moreover, the odd-order harmonics are drastically at- 
tenuated. The signal would be almost pure fundamental— 
more like that produced by a rubber band than by a string. 

If the pickup is placed at the one-third position (Fig. 3-3), 
there will be some output at the second and other harmonics, 
but not at the third and its multiples (sixth, ninth, etc. ). 


FUNDAMENTAL 
SECOND 
THIRD 
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Fig. 3-2. Modes of string vibration. 
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Fig. 3-3. Some excitation points of a string. 


At a position one-fifth the string length, the fifth harmonic 
disappears and the others bear a rather unnatural relation- 
ship to one another. Table 3-1 shows the relative transmis- 
sions of harmonics by pickups at various positions along the 
string, as opposed to the transmissions at the bridge. 

The closer the pickup is to the bridge, the more natural the 
reproduced sound will be. Because the string movement is 
less, however, the output will be lower. So choice of position 
becomes a compromise between quality and volume. 


Table 3-1. Transmission of harmonics by pickup. 


Position 
of Pickup 
From Bridge 2nd Harmonic | 3rd Harmonic 4th Harmonic | 5th Harmonic 


Halfway 


One-third 


One-fourth 


One-fifth 


One-tenth 


Two other modifications must be considered: (1) The 
closer the pickup is to the bridge, the closer it can be placed 
to the string because the string movement is less. In this way, 
some of the lost sensitivity can be regained. (2) Second and 
other even-order harmonics are not entirely absent, even in 
the center, because the pickup has a nonlinear characteristic 
that produces other harmonics not directly characteristic of 
the string’s vibration. The fundamental frequency results in 
an output at its own and the second-harmonic frequency; the 
third harmonic, an output at its own and the sixth-harmonic 
frequency; the fifth harmonic, at its own and the tenth har- 
monic frequency; and so on for each harmonic and its mul- 
tiple of two. Fig. 3-4 shows the effect of nonlinearity at a 
midstring position for two levels of vibration. The solid lines 
represent the harmonics in the string vibration, and the 
dashed lines the harmonics caused by the pickup. 
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HARMONICS 
Fig. 3-4. Harmonics in string-center pickup output. 


Normal string vibrations maintain. the harmonic, or over- 
tone, structure reasonably proportional. But the extra har- 
monics produced by nonlinearity in the pickup destroy this 
proportionality. As a result, the harmonics sound unnatural. 
These nonlinearity-induced harmonics occur at any pickup 
position, and the closer the pickup is to the string, the more 
nonlinear the harmonics become. For this reason, the best 
practice is to keep the pickup far enough below the strings 
so the strings never touch the pickup poles, even during 
the strongest playing. 


Mounting on Body 


To complicate matters further, the positioning of the 
pickup mounting on the body of the instrument can modify 
the frequency characteristic of the instrument electronically 
—quite apart from the harmonic-selection pattern of the 
strings. Not only do the strings of the instrument vibrate, but 
also the body—this is what produces the sound heard from an 
unamplified instrument. As far as the strings are concerned, 
it doesn’t matter whether they move relative to the pickup 


poles or vice versa—either way, an output will be produced 
(Fig. 3-5). 
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Fig. 3-5. Two output producing vibration components. 
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Although the body does not vibrate as much as the strings, 
it can provide greater amplification because only one string 
vibrates at the note played, whereas the whole body does 
(Fig. 3-6). Vibration of a single string relative to the pickup 
produces a large change in magnetic flux over a small area. 
Conversely, vibration of the pickup relative to the still 
strings produces a small change in flux spread over a larger 
area. 
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(AY Single string. (B) Body. 
Fig. 3-6. Vibration relationships. 


Considering all of these effects, it is evident that place- 
ment of the pickup assembly is critical from the standpoint of 
attaining an electrical output resembling the sound normally 
made by the unamplified instrument. Use of tone compensa- 
tion, and careful positioning, usually result in quality which, 
although different from the normal tone of the instrument, is 
still acceptable. 

Here the question pops up: “Is the job of electronic ampli- 
fication to simulate? Or to create?” Once this question is 
answered and the versatility of the new method realized, 
whole avenues of new sound are opened up. 


Special Effects 


Repositioning the pickup while the instrument is being 
played is somewhat impractical. The better method, since 
pickups are relatively inexpensive, is to place two or more of 
them on the instrument and to activate the desired pickup by 
a switch. Moreover, the use of multiple pickups permits 
mixing the outputs to provide entirely new sounds. 

If the fundamental tones are added together during such 
mixing, the resultant output loses much of its harmonic struc- 
ture because not all of the harmonics will add. Changing the 
phase of (reversing the connections to) one pickup of a pair 
will attenuate and perhaps even completely cancel the 
fundamental output, whereas some of the harmonics (par- 
ticularly the higher ones) will add. 
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Fig. 3-7. A guitar fitted with two pickups, each with adjustable 
pole pieces. 


When connections are changed in this manner, the result- 
ant sound is brilliant to the point of sounding “thin.” For 
normal playing this sound would be regarded as unaccept- 
able, although its “ghostly” quality is often quite useful for 
special effects. 

In some pickups, one elongated pole piece serves all strings 
on the instrument. In others, separate pole pieces (Fig. 3-7) 
—either with a common coil or individual coils (Fig. 3-8)— 
are used. The latter are advantageous because each pole can 
be adjusted so the strings—which differ in tension and weight 
—will sound equally loud when played with equal force. 


POLE PIECES 
POLE PIECES 
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(A) Single coil. (B) Separate coils. 
Fig. 3-8. Multi-pole pickups. 


Another variation is introduced by the fact that the sound 
of an instrument varies according to the way its strings 
vibrate. Not only does the relative strength of the funda- 
mental and overtones vary, but the predominant direction 
of vibration as well. 
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Bridge Movement 

Ordinarily, most instruments are unamplified. Their over- 
tone structure is determined by where and how vigorously 
their strings are plucked, bowed, or otherwise excited. Al- 
though the bridge will transmit all vibrations to the body of 
the instrument, the most important ones are those transverse 
to the edge of the bridge, or to and from the body (Fig. 3-9). 
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Fig. 3-9. Main modes of string vibration. 


The major movement of the bridge—the one responsible 
for most of the tone—is up and down. However, the bridge 
movement is really quite complex. Lateral movement of a 
string will tend to make the bridge twist in one direction. 
Any large string vibration will rock the bridge in another 
direction at twice the vibration frequency, because the 
string expands and contracts twice during every complete 
vibration (Fig. 3-10). 
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Fig. 3-10. A secondary mode of bridge vibration. 


Just what effect this complex movement of the bridge, and 
the equally complex vibration it transmits to the body, have 
on the tone coloring of the music is a matter about which 
little work has been done. One thing is certain: although not 
easy, a musician with a real “feel” for his instrument can 
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almost make it talk... even though, as an artist, he can offer 
no scientific explanation of how he achieves his effects. 
Some of this complexity is equally true for the electrical 
and magnetic pickups (Fig. 3-11). In them, too, the pre- 
dominant up-and-down movement produces the most em- 
phatic acoustical output. Transverse movement (across the 
face of the pickup) theoretically would produce no output. 


OUTPUT 
NO OUTPUT 


= 
e 
. 
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((- ee i) Fig. 3-11. Effects of 


ae vibration direction. 


In practice, it does: The string vibration conveys, to the body, 
a twisting movement far out of synchronism with the string 
vibration at the pickup. The vibrations take time to travel 
down the bridge and through the body. As a result, move- 
ment of the pickup relative to the strings (Fig. 3-12) pro- 
duces an electrical output, whereas movement of the string 
relative to the pickup does not. 

So, plucking or bowing the strings in various ways will 
produce different tonal qualities in an instrument with a 
pickup, for the same or nearly same reasons as in an ordinary 
instrument. The overtone structure of the string vibration 
will change, and so will the directional modes of vibration. 
But the effects may be quite differently related to the playing 
techniques. In other words, the musician will “have to learn 
new tricks.” | 


VIBRATING STRING 
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Fig. 3-12. Spurious vibration of the pickup. 


KEYBOARD INSTRUMENTS 


So much for the manually played strings. In keyboard in- 
struments such as a piano, the strings are struck or plucked 
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mechanically. Granted, the player may be able to control 
how hard this is done (and thus gain considerable expres- 
sion )—but he cannot control the direction. 

This means that although much work is needed to make 
the electrical pickup produce a reasonable replica of the 
acoustical sound, it can be done. If the imitation is good, the 
effect will be sensibly identical to that from an unamplified 
instrument. Even if some of the tonal range is lost, the over- 
all effect will still be recognizably similar. 


Electrical Pickups 

Being larger, keyboard instruments permit wider choice of 
pickups. Manually played instruments are restricted to 
magnetic pickups, because the shielding which electrical 
pickups need is virtually impossible to provide—the whole 
pickup area would have to be shielded, and the player would 
be unable to reach the strings. However, it is relatively 
simple to line the case of, say, a piano with wire gauze or coat 
it with graphite. 


= 
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fLECTRODE 
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CONSTANT 
CHARGE 


FIXED ELECTRODE 
Fig. 3-13. Electric pickup principle. 


Another difference between magnetic and electrical pick- 
ups is in their input connections. Any pickup needs a source 
of energy for polarization. In most magnetic pickups this 
energy is provided by a permanent magnet, the field of which 
passes through the steel string and the pickup coil. As the 
string vibrates, the field is modulated and a voltage induced 
in the turns of the coil winding. 

The electrical pickup needs electrical polarization, of 
course. This is done by applying a relatively high voltage to 
the electrode, in order to provide an electrical field between 
the fixed and moving elements. Establishment of a charge 
rather than just a voltage is of utmost importance, so that the 
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movement will cause the voltage between elements to 
fluctuate (Fig. 3-13). 

To use this voltage change with constant charge, the cir- 
cuit must keep the charge relatively constant during vibra- 
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Fig. 3-14. Circuit used with electric pickup. 


tions. The charge voltage must be fed through a very high 
resistance, or it will leak away. Fig. 3-14 shows a typical 
input circuit in which an electrical pickup is used. 
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CHAPTER 4 


Introducing Electronics 


into the Design 


For a long time, sound-effects men have known that faking 
an effect often produces a more realistic sound than picking 
up true sounds with a microphone. Some reasons for this 
were discussed in previous chapters. A similar situation is 
encountered in musical-instrument design. 

With a well-made unamplified musical instrument, the 
problem is to modify the picked-up tones and thereby pro- 
duce sound which, after amplification, is reasonably like that 
of the original instrument. 


INSTRUMENT ADAPTATION 


Many factors determine the quality of sound produced by 
musical instruments. Departure from any one of them—in a 
violin, choice of correct woods for the various parts, proper 
shaping of the body, and so on, even to the quality and 
technique of applying the varnish—may mean a loss in the 
ultimate quality the maker is striving for. 

Trying to add electronic amplification means encountering 
the instrument maker’s problems all over again. Fortunately, 
there is an easier way than trying to adapt an existing instru- 
ment to sound, and it seems to have some other advantages 
as well. 

Unamplified instruments must be designed to achieve the 
desired delicate balance of over-all tone throughout the 
range of register. In other words, the instrument is delicate; 
rough handling will destroy its acoustical quality. 

The easier way is to begin with the sound from the basic 
tone generators—vibrating strings, reeds, or whatever else 
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produced the original notes—and then work on it electroni- 
cally. Now the delicate construction, essential to the un- 
amplified instrument, can be abandoned. For example, 
instead of the delicate, acoustically resonant body, the 
instrument can have a solid, nonresonant base of wood or 
the modern, lighter, and more rigid Fiberglas. The strings 
or other tone generators will vibrate, just as they do in the 
regular instruments. But now the body need not amplify the 
sound with its resonances, as it must in an unamplified 
instrument. 

In an instrument designed for amplification, the require- 
ments of the electronics parts change completely. The 
electronics and pickups must synthesize tonal elements so 
that they at least come reasonably close to the natural 
acoustical sound. The tone quality is in the hands of the 
designer, who can control it by positioning the pickups, 
building mechanical resonances into the pickup or its mount- 
ing, and selecting appropriate amplifier controls. 


Electronic Bass 


Because the double bass is bulky, early attempts were 
made to develop a smaller and more portable “electronic 
bass.” Building one was no problem, but the sound of early 
models bore no resemblance to that of a conventional instru- 
ment. It completely lacked character. After all, it was just 
the sound produced by amplifying the relatively simple 
movements of strings. The only resemblance to a true 
stringed instrument was the similar attack and decay pat- 
tern of its notes—its tonal quality was more like that pro- 
duced by the diapason stop on an organ. 

Reaction to these instruments was mixed. Some musicians 
rejected them because they lacked character. Others ac- 
cepted them enthusiastically because they were portable and 
their sound was unique. The latter group treated the elec- 
tronic bass like a completely new percussion instrument and 
developed a playing technique more suitable to its different 
sound. Played like a double bass guitar, it found a place in 
combos primarily. 

The problem of where to place the pickup to retain tra- 
ditional quality is accentuated in an electronic instrument. 
One approach is to put it in the bridge rather than under the 
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strings (Fig. 4-1). As explained in Chapter 3, any position 
under the strings favors the fundamental over the harmonics 
or overtones. But the stress in the bridge follows a different 
relationship. There is a component for every overtone pres- 
ent, and the overtones are represented in proportion to the 
stress they produce in the string. 


STRING 


BRIDGE 


PICKUP 
Pee 


BODY OF INSTRUMENT 


Fig. 4-1..A pickup in the base of a stringed 
instrument bridge. 

For this reason, in the electronic basses most successful 
in duplicating the traditional sound, the pickup is placed 
into or attached to the bridge (Fig. 4-2). Refinements in 
mounting can stimulate some of the effects produced acous- 
tically by the design and fabrication of the body in a tra- 
ditional instrument. 


Chimes 


Good bells are expensive and good bell foundries scarce. 
A carillon of real bells is virtually impossible to acquire to- 
day. So efforts were made years ago to produce a synthetic 
carillon (Fig. 4-3) that the average church could afford. 

At first, microphones were mounted within the housing of 
a group of rods or tubes, which produce a feeble, bell-like 
tone. The strikers were operated electrically from the key- 
board. However, the sound was very boxy, even though 
the cabinet containing the microphone was heavily lined 
with acoustical material. Moreover if the microphone was 
placed near the bottom, the transmission effects of the higher 
overtones up and down the tubes made the sound excessively 
reverberant. At the top the microphone picked up a truer 
sound, but it also picked up action sounds (other than the 
striking of the hammer). 

Another problem is the realism of the sound made by the 
tubes or rods. (Bell founders must have gone through the 
same problem in earlier times—although if they did, there 
is no record.) Bells can be made to sound sweet or harsh, as 
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bell founders know. Actually, the sound of a bell is no 
different from that of most other musical instruments. It, too, 
is a funtion of its overtones, except that they are not true 
harmonics (exact multiples of the fundamental). In fact, 
bells don’t even produce the fundamental tone. 

Instead of a fundamental and overtones, bells produce a 
succession of frequencies close to multiples of a much lower 
frequency that does not sound at all. If the main frequencies 


(A) The keyboard (normally attached to another instrument). 


(B) The carillon chamber 
(wooden slats with wing nuts 
are shipment clamps). 


(Courtesy Ampeg Co.). 


Fig. 4-2. A magnetic pickup inserted between body and bridge of a 
double bass. 


in the bell sound are in the ratio of 4:5, the apparent tone 
will correspond to a ratio of 2:1 and have a clean, open 
quality. If the main frequencies are in the ratio of 5:6, the 
apparent tone will correspond to 2.5 (half the lower fre- 
quency present) and have a clean but minor (i.e., melan- 
choly) quality. At higher frequencies, a good bell will have 
other “partials,” but they will progress in round-number 


ratios. Any slight deviation in these ratios results in a fluctu- (Courtesy Maas-Rowe Carillons). 
ating, almost reverberant, sound. A more radical deviation (C) Note contacts attached to the frame of a Conn organ. 
produces a discordant effect. Fig. 4-8. Electronic carillons. 
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One of the main contributions to carillon development 
made by Paul Rowe, carillon maker, was in the tuning of 
tubes and rods so their main frequencies of vibration are in 
the major third (4:5) or minor third (5:6) relationships. 
Further partials can also be tuned by the techniques he 
perfected, to create a carillon that can play many musical 
effects. 

Choice of a major or minor chime for each note depends on 
the key in which the music is played. A further improvement 
in some carillons is an electrical interconnection of stops, or 
tabs, that ensures each key will play the correct major or 
minor tone. 

Much work also went into the design of the striking and 
damping mechanism, in an attempt to produce the desired 
bell-like brilliance when the key is struck, followed by a 
natural decay after it is released. 


Electronic Pianos 


The electronic piano is several decades old. The first ex- 
perimental models retained all of the standard piano mech- 
anism, except the soundboard. Electrical pickups (some 
manufacturers have tried magnetic pickups, but they. are too 
expensive to be commercially feasible) are placed at suitable 
points under the strings. In this way, different fundamentals 
and harmonics can be selected, somewhat like the pickup 
arrangement on an electric guitar. 

The better electronic pianos were too expensive to be 
commercially successful. Also, their tone quality was far 
inferior to that of a normal piano. Highly versatile tone 
quality may be an advantage to a customer willing to accept 
a multitude of sounds, none resembling those of a piano. But 
it was not enough to entice the large number of buyers 
needed to make electronic pianos a profitable item. An 
eminently successful answer is the Wurlitzer electronic 
piano, which retains all the essential features of a piano 
mechanism—hammers, action, and damping—except the 
strings. The benefits are lower cost and smaller size. Its 
vibrating reeds differ in two ways from those in an organ. 
In an organ, the reed modulates the air flow past it, rather 
than radiating the sound directly. Moreover, the reed is 
tuned to have a dominant fundamental frequency. 
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In the Wurlitzer piano, however, the reed movement pro- 
duces an electrical output directly, and this output is then 
amplified by an electrical pickup. Moreover, putting virtually 
all the weight at the end makes the reed generate very little 
but the fundamental frequency. 

Overtones developed by the piano reed occur electrically, 
(because of pickup nonlinearity) and are thus exact mul- 
tiples of the fundamental. This is not true of natural reed 
overtones that differ from exact integral multiples, and it also 
explains the almost inharmonious sound of an accordion. The 
overtones produced by piano strings are extremely close to, if 
not perfect, harmonics. The reed gives an excellent imitation 
of a conventional piano, but its tone is more mellow because 
the fundamental is more dominant. 

There is one desirable aspect of the electronic piano from 
the learner’s viewpoint (and those within hearing range! ): 
The amplifier output can be connected to headphones so that 
only the player hears the music. 

The single reeds of the electronic piano do not develop 
the full-tone volume (not to be confused with mere loud- 
ness) of a conventional piano—which has from two to four 
strings, vibrating in almost perfect unison, for each note. On 
the other hand, the sound of the electronic piano is mellower 
than the honky-tonk effect of a piano with only one string to 
each note, because the reed and pickup emphasize the funda- 
mental. Although the electronic piano lacks the full tone of a 
conventional piano, its tone is pleasing and certainly not thin. 

Undoubtedly, the possibilities of producing synthetic tone 
qualities from basically conventional tone sources such as 
vibrating strings and reeds, in combination with specially 
designed pickups, have yet to be fully explored. 


SPECIAL EFFECTS 


Tremolo and Vibrato 
Another area where electronics has contributed success- 
fully to musical effects is in adding tremolo and vibrato to the 
sounds of various instruments. Electronic organs warble the 
pitch or intensity of the electronic generator—doing elec- 
tronically what the player does with his finger. It is only 
natural that players of amplified instruments would want to 
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apply these two interesting effects to the sound produced by 
their own instruments. 

Whether a pickup or microphone is used, the musical- 
instrument amplifier is presented with a steady tone. The 
amplifier cannot feed a signal back into the pickup to make 
the strings or reeds warble in pitch or intensity. What elec- 
tronic tremolo or vibrato must do is take this steady tone and 
vary its pitch or intensity from there on. 

Intensity variation, the basis of tremolo, is the easiest to 
do. A volume control rapidly turned back and forth will 
produce the same effect that an organ tremolo does elec- 
tronically (Fig. 4-4). First, an oscillator produces a fluctuat- 
ing voltage at the desired tremolo frequency, usually two to 


OUTPUT TONE 
(FLUCTUATING 
FREQUENCY) 


MUSICAL TONE 


GENERATOR 
(OSCILLATOR) 


—t——— FLUCTUATING CONTROL VOLTAGE 


LOW-FREQUENCY 
(VIBRATOR) 


OSCILLATOR 


Fig. 4-4. Basic principle of electronic tremolo or vibrato. 


ten fluctuations a second. This voltage then biases an 
amplifier stage, the gain of which varies in unison with the 
voltage and thereby produces a tremolo. 

How can a tone of fixed pitch be made to fluctuate in fre- 
quency? If the vibration frequency is increased momentarily, 
its wave advances (completes a given number of cycles in 
less time than before). When the frequency drops back to 
normal, the wave returns to its normal timing (Fig. 4-5). 
Such a change can be viewed as both phase and frequency 
modulation. 

A look at the waveform will disclose that its instantaneous 
frequency wobbles up and down; in other words, its timing 
or phase is advanced and retarded. This is the basis of elec- 
tronic vibrato circuits, which have an oscillator just as the 
tremolo. The oscillator voltage modulates the phase of the 
amplified tone passing through the amplifier (Fig. 4-6). 
Some circuits vary only the phase, not the amplitude or in- 
tensity. Others do a little of both. 
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CONSTANT FREQUENCY 


FREQUENCY FREQUENCY ' FREQUENCY 
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Fig. 4-5. Vibrato waveforms. 


It is not necessarily true that a system using pure phase 
modulation will produce a better vibrato than one allowing 
some intensity modulation. Fig. 4-7 shows that either inten- 
sity or phase modulation can be developed by adding to- 
gether the original tone, the one below it by the fluctuation 
rate, and the one above it by this difference. The exact timing 
of the three component waves determines whether the result 
is intensity or phase modulation (or in between). 
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FIXED FREQ! 
TONE 
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PHASE OUTPUT TONE 
(FLUCTUATING 
GENERATOR (S) AMPLIFIER FREQUENCY) 


VIBRATO 
OSCILLATOR 


Fig. 4-6. Alternate method of generating tremolo 
or vibrato. 

Once the sound waves have been radiated into a room, the 
timing may change ever so slightly because the room reflec- 
tions differ at each of the three frequencies. As a result, the 
sound wave will be a mixture of tremolo and vibrato, even 
though the electrical waveform is purely one or the other. 

Because all three waves are nearly identical (except the 
timing), only a trained musical ear is able to hear the differ- 
ence between tremolo and vibrato. Hence, a pure vibrato 
need not be produced. More important, and more detectable 
aurally, is a smooth fluctuation. Any unsteadiness (because of 
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(B) Frequency fluctuation or vibrato. 
Fig. 4-7. Similarity between tremolo and vibrato. 


a poor low-frequency oscillator waveform) will be more 
audible than a departure from true phase or intensity modu- 
lation (Fig. 4-8). 

Electronic tremolo—and more particularly, vibrato—have 
given many instruments added dimension. Pianos can be 
given either tremolo or vibrato electronically. An accordion 
can be played with a tremolo effect by fluttering the bellows, 
but vibrato can only be achieved electronically. Vibrato can 
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tremolo or vibrato will produce 
waveform. jerkiness or 
thumping. 


Fig. 4-8. Tremolo- or vibrato-generator waveforms. 
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be produced manually from violins, but is difficult with 
guitars and other instruments with frets. Electronics make 
vibrato easy with guitars and bass-violins. 


Choir Effects 


Only now are possibilities for modulating musical tones 
after they have left the tone generator beginning to be 
explored. One interesting avenue concerns choir effects. 
Many voices together sound different from one voice ampli- 
fied many times, because each voice has a recognizable tonal 
effect and all voices are not in perfect unison. Amplifying a 
single frequency, even with its overtones, only yields the 
same single frequency many times louder. 

A fairly complicated circuit produces a choir effect by 
using a frequency converter similar to that in a radio set. 
The circuit changes the original tone to one perhaps 30,000 
cycles per second higher, and then lowers the resultant fre- 
quency by, say, 30,001 cycles to produce a tone one vibration 
per second slower than the original. Another conversion 
29,999 cycles downward, then makes the resulting tone one 
vibration per second faster than the original. 

Combining a number of these small frequency shifts will 
produce a sound like that of many voices just that much out 
of perfect unison. Although this has been done experimen- 
tally, it requires rather complicated precision control of the 
conversion frequencies. 
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Fig. 4-9. A tape reverberation simulator. 
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Fig. 4-10. An acoustic reverberation simulator. 


Reverberation 


Another possible electronic effect is artificial reverbera- 
tion, where a portion of the original sound is delayed before 
being added to the main signal. One way to develop the delay 
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Fig. 4-11. A spring reverberation simulator. 


is with a tape recorder, by recording the sound and replaying 
it almost immediately (Fig. 4-9). Another is to place the 
speaker at one end of a long pipe and a microphone at the 
other (Fig. 4-10). A third is to use a spring with a driver at 
one end and a pickup at the other. The principle is the same 
as sending “snake signals” down a rope; the vibrations fed in 
by the driver take a certain length of time to come out at the 
pickup (Fig. 4-11). 

In order for reverberation to be effective, the frequency 
response of the delayed signal is critical. It should simulate 
the tonal quality added by a typical room or auditorium. Cir- 
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Fig. 4-12. Block diagram of a reverberation system. 
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cuits to enhance the natural reverberation must be provided 
in the amplification of the delayed channel (Fig. 4-12). 

The musical instruments discussed in this chapter leave 
much room for development. The kinds of music that man 
has thus far learned to make are only a small fraction of what 
electronics can do in the future. And when tone generation as 
well as subsequent handling of the tone is electronic, there 
are even more possibilities—as you will see in the next 
chapter. 
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CHAPTER 5 


Purely Electronic 


Musical Instruments 


Previous chapters discussed ways of adapting electronic 
amplification to more or less conventional musical sound 
sources to reinforce their sound or increase their range of 
musical effect. Here we move on to the production of music 
by purely electronic methods. The electronic organ, an early 
entry into this group, has become a separate subject in itself. 
Other instruments have gained more limited acceptance, 
although some are beginning to show promising possibilities. 


TONE GENERATORS 


Probably the most basic problem in the design of a purely 
electronic musical instrument is tuning stability—the fact 
that most musical instruments need tuning from time to time. 
Electronic tone generators, especially early ones, proved 
rather unstable. It was this instability that led to a wide 
variety of organs, of which Hammond and Compton are typi- 
cal. To achieve precise frequencies and tuning, these organs 
employ electromechanical generators controlled by a group 
of rotating tone wheels ( Fig. 5-1.). 

Unfortunately the tones from such generators lack the free 
transient quality of most musical instruments; they can only 
be switched on and off. What's worse, they are likely to sound 
as if they are. At the other extreme is a group of instruments 
probably inspired by the old-fashioned regenerative radio 
receiver which, when carefully tuned to a station and with 
the regeneration set so the receiver just oscillated, would be 
susceptible to the capacitance of the human body. As the 
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DRIVE SHAFT 


Fig. 5-1. Tone wheel assembly. 


person moved toward or away from the receiver, it would 
oscillate and produce a note that went up and down the 
scale. 

The Theremin is the best known of the latter group. An 
oscillator in the Theremin is controlled with two antennas 
and the capacitive effect of the player’s hands (Fig. 5-2). 
With one hand he can vary the musical pitch by moving his 
hand closer to or farther from one antenna, and with the 
other hand and other antenna he can control the volume. 
Some persons have mastered this unique instrument to the 
point where they can play some quite effective solos on it. 
But because of unfamiliarity with this mode of playing, 
musicians have been slow in accepting the Theremin. 


PROXIMITY TO THIS ANTENNA 
CONTROLS MUSICAL PITCH 


PROXIMITY TO THIS ANTENNA 
CONTROLS INTENSITY (LOUDNESS) 


THEREMIN 


Fig. 5-2. Playing controls of the “Theremin.” 
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Waveform 


Another design factor is the musical quality of the tone 
produced. For example, by holding the frequency dial of an 
audio oscillator with one hand and the output control with 
the other, you can (after a little practice) play a tune. But 
even when you acquire enough skill to hit the notes exactly 
so that the tune sounds true, the melody will still sound 
rather weak. The reason is that the tone is too pure. No con- 
ventional musical instrument produces a note with such a 
pure fundamental. Doing the same with an oscillator de- 
signed to give a square-wave output would give a somewhat 
more musical effect; and if the output is sawtooth in shape, 
the result will be even better. Probably if the tone were put 
through some formant (tone control) circuits like those in an 
electronic organ, it might even sound as effective as, say, a 
well-played violin. 


Beat-Frequency System 


The Theremin, like the old-fashioned radio, produced its 
note by combining two much higher frequencies. In the 
radio, one frequency is that of the incoming station and the 
other is from the local oscillator. In the Theremin, both fre- 
quencies are produced by built in oscillators. One is fixed, 
and the other is variable and is controlled by the capacitance 
between the player’s hands and the antenna. A small capaci- 
tance causes a small frequency change, and a large capaci- 
tance, a larger change. 

The oscillators are adjusted so the frequencies are the 
same when the player is not near the frequency-control an- 
tenna. The small capacitance changes, as the player moves 
his hand within control range, produce small changes in 
frequency heard as bass notes. 

As the player brings his hand closer, the frequency 
changes more rapidly because capacitance increases more 
rapidly than the distance between hand and antenna de- 
creases. In fact, the distance versus spacing relationship for 
controlling the frequency is very siimilar to that of a stringed 
instrument (Fig. 5-3). 

An instrument in which the same principle has been ap- 
plied to a keyboard is the Ondes Martenot. Here inductance 
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A-I760 4-880 


Fig. 5-3. Hand spacing to give the musical scale. 


elements in the keyboard effect the tuning from note to note. 
The key switching is arranged so the lowest note pressed is 
the one that sounds (Fig. 5-4). 


A-220 f = 79,780 
A-440 f = 79,560 
A~I760 f = 78,240 


A-880 f = 79,120 


a bor 


Fig. 5-4. Keyboard tuning of the variable oscillator in the ‘“Martenot.” 


OSCILLATOR TUNED CIRCUIT 


This instrument provides glissandi with an endless loop 
ribbon, half of which has a conductive coating. A finger ring 
is used to move it around a pulley system as the player's 
hand moves along the keyboard. This moves the coating 
between fixed capacitor plates (Fig. 5-5) connected to the 


OSCILLATOR FINGER RING 
TUNED 
CIRCUIT 
Fig. 5-5. “Glissandi” tuning of the variable oscillator in the “Martenot.” 
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FIXED PLATES 


RIBBON 


Fig. 5-6. Shaping of the fixed electrodes between which 
the ribbon passes. 


main circuit through series capacitor that change the rela- 
tive frequency shift corresponding to various parts of the 
keyboard. Individual notes are adjusted by contouring the 
plates (Fig. 5-6). 


Direct Oscillator System 


A quite different instrument, the Ondioline, uses a single 
R-C oscillator working directly at the note heard. The switch- 
ing, like that of many solo organs, is arranged so that only 
one note (in this case, the upper) can play. Switch contacts 
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Fig. 5-7. Keying method in the “Ondioline.” 


A-220 
A-440 
A-880 
A-1760 


under each key select portions of the oscillator resistance. 
Consequently, the depressed key that selects the lower re- 
sistance is the one that controls the frequency (Fig. 5-7). 
The normal three-octave keyboard range of this instru- 
ment can be extended by two frequency-shifting features. 
First, the note produced by any or all keys can be switched 
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to one of four different octaves by selecting corresponding 
values of capacitance in the oscillator. 

Second, the output from the main oscillator is fed to two 
Eccles-Jordan multivibrators in succession for frequency di- 
vision to lower octaves. The three successive octaves (master 
frequency and its two suboctaves) are then mixed in any 
desired proportion by separate controls to get the different 
tonal effects. Formant and percussion circuits similar to those 
in electronic organs complete this interesting and extremely 
versatile (from the standpoint of effects) instrument. 


ANALYSIS AND SYNTHESIS 


Much work has been done in the area of synthesizing 
music. Some of the most extensive research has been done 
under the direction of Dr. Harry Olson, Radio Corporation of 
America, on an instrument called the Music Synthesizer. Be- 
fore developing the instrument, Dr. Olson had to analyze 
the way in which musical notes differ from one another. 

The most obvious difference is pitch, or frequency—the 
basic characteristic by which one note can be distinguished 
from another, no matter what instrument it comes from. 
While pitch or frequency can be varied by infinitely small 
changes, the conventional musical scale is bulit on intervals 
of pitch, called semitones, twelve of which comprise an 
octave. 

The other obvious distinction between notes is loudness, 
or intensity. Changes in loudness are almost as obvious as 
changes in pitch and hence need no explanation. 

A less distinct difference is timbre—the overtone, or har- 
monic content of a note. The fundamental frequency deter- 
mines the note, while overtones (Fig. 5-8) give it timbre, the 
quality of recognizable (or unrecognizable) instruments. 

Still another basic effect to be appreciated was the trans- 
ient variation of loudness—how the intensity of a note grows 
initially and finally decays (Fig. 5-9). Rapid growth with 
slow decay gives an abrupt note, like the sound of a piano 
string being struck. Medium growth, with a period of steady 
intensity followed by medium decay, produces the effect of 
an organ or wind instrument. In this manner, the analysis of 
growth and decay proceeded. 
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HARMONIC Ne. | 2 3 4 5 6 D 4 8 
FREQUENCY 523.25 1046.5 1569.75 2093.0 2616.25 3139.5 366275 4186.0 


(A) Cornet and trumpet. 


-30 
HARMONICNO! 2 3 45 6 7 8 9 OW tl 12 15 14:15 
FREQUENCY 164.81 659.26 1318.5 1977.76 
(B) French horn. 


(Courtesy Conn Instruments.) 


Fig. 5-8. Spectra showing overtone structure. 


All possibilities—frequency and intensity, combinations of 
frequency and intensity to form timbre, and variations of 
frequency and intensity in the form of transient growth and 
decay—seem to be covered. What else could there be? 

Actually there are many variations, some of which have 
been incorporated into the Music Synthesizer. Two others 
are a rhythmic change of intensity or frequency (or both) 


PLUCKED 
STRING 


AMPLITUDE —> 


ig 
\ seaieiy <a ee ~~ sreapy” ke 


py eis ca 
ahve 
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Fig. 5-9. Growth and decay patterns of three instruments. 
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called tremolo (intensity fluctuation) and vibrato (fre- 
quency fluctuation). Also included is provision for making 
sounds not strictly musical. 

Instead of starting from musical notes or from tones of 
definite frequencies, instruments like drums, blocks, and 
cymbals are more like a random selection of all possible 
frequencies. 

Remember the sound of waves you hear when you hold a 
sea shell to your ear? Actually the shell provides a resonant 
cavity that selects and acoustically amplifies a narrow band 
of frequencies from the surrounding noises. The method of 


NOISE 
GENERATOR 


COLORATION 
FILTER 


Fig. 5-10. Basic circuit of electronic simulator for 
percussion instruments. 


simulating many percussion sounds is quite similar. Noise, 
generated electrically by a resistor or tube, is passed through 
selective circuits that give it the “tone” or coloration of dif- 
ferent percussive effects (Fig. 5-10). 


The Musical Synthesizer 


The RCA Musical Synthesizer (Fig. 5-11A) works from a 
punched roll of paper (Fig. 5-11B), much like the old-time 
player piano. In the player-piano roll, all notes are repre- 
sented by holes which actuate a pneumatic system. Addi- 
tional holes control the piano “pedals” (loud and soft vol- 
ume) and thereby simulate the way an actual pianist would 
play a tune. 

In the Synthesizer, one group of three holes selects the 
octave in which a note is to be played, and the next group of 
four holes selects the note within the octave. Other groups 
select the rate of growth and decay, duration, overtone struc- 
ture, plus any portamento (gliding passage through inter- 
vening notes) and other desired effects. In other words, the 
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Fig. 5-11A. The RCA Music Synthesizer Lab. 
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Fig. 5-11B. Key-punch mechanism of the Synthesizer. 


Synthesizer reverses the original analysis to produce syn- 
thesis. 

Having so many variables involved with every note means 
that only one note can be punched at a time—unlike the 
player piano, where the punched roll controls the whole key- 
board and thereby allows any number of notes to be played 
simultaneously. The Synthesizer has duplicate controls, each 
using half the paper roll, for handling two notes at the same 
time. This allows some overlap between notes. 

To build up a complete orchestration or musical composi- 
tion, the Synthesizer must be used over and over until the 
maximum number of notes that are played at any one instant 
through the composition has been covered. To aid in the 
process, a special multiple-channel recorder permits each 
operation to be recorded separately and the parts put to- 
gether afterward. 

How good is music from the Synthesizer? Certain music 
can be reproduced with extreme realism. When compared 
with recordings of actual performances made by the best 
artists, only one person in four can tell the real from the 
synthetic, according to tests conducted by RCA. 

Other musical sounds do not fare so well, however. Even 
the complicated structure of synthesized sound omits the 
subtle intonations, deviations or overtones from perfect har- 
monics (exact multiples of the fundamental), very slight 
changes in pitch from perfect constancy, and other similar 
details found in the original music. 

However, the work that went into the Synthesizer, and its 
results, have provided a great deal of information. Through 
“cut-and-try” methods of copying various sounds, research- 
ers have found which ingredients in a total sound are more 
important and which are less to any specific impression. 

For instance, it has been thought that the initial quality 
—when a piano string is struck—is important to the over-all 
tone of piano sound. Work on pianos has shown that the way 
a string is struck can make a dramatic difference in sound. 
The quality of the hammer surface is important; the actual 
strike sound is not. The initial sound can be cut from a record- 
ing without spoiling the effect of a piano note being struck. 

Even in a purely electronic instrument (tone generators, 
formants, etc.), the final sound depends on the speakers, 
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which are mechanical as well as electronic. In the Martenot 
and Ondioline particularly, the speakers are not high-fidelity 
reproducers. 


Speakers 


In conventional instruments, numerous factors contribute 
to the final quality of the sound—more in fact than can be 
feasibly introduced by relatively simple electronic circuits. 
An electromechanical device, a speaker can produce effects 
similar to mechanical qualities of a musical instrument. 

By choice of material and by construction of the cone, for 
example, a speaker can be made to create metallic and similar 
effects. If an instrument has been designed to utilize what 
from a high-fidelity viewpoint is a deliberately “bad” speaker, 
then using a good one will spoil the effect. 

Speaker properties must at least be chosen with the in- 
dividual instrument in mind, if not by actual trial with the in- 
strument. For example, an instrument meant to be played 
solo can tolerate forms of wave form distortion in the speaker 
because such distortion will merely modify the timbre of 
each note in its own particular way. The same speaker, used 
on an instrument that can play chords, might sound horrible, 
because intermodulation distortion produces spurious tones 
when more than one note is played at a time. 

For high-fidelity reproduction a speaker needs not only 
smooth frequency response, but also uniform transient re- 
sponse to reproduce the important growth and -decay pat- 
terns of musical sounds. But a speaker for use in a musical 
instrument may be given a transient characteristic that con- 
tributes to the sound of the instrument. 

For example, a speaker for reproducing bells or organ 
tones may have considerable decay time that will add to its 
reverberant effect. But the same speaker would sound ab- 
normal if called on to reproduce certain percussive effects. 


Rhythm and Percussion 


Percussive effects can be generated in a variety of ways. 
Tones similar to those produced by striking or plucking 
strings are developed by applying to a tone generator a con- 
trol voltage from a dual time-constant circuit (Fig. 5-12). 
The effect is varied by choice of time constants. 
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CHARGING VOLTAGE 


BIAS TO 
OSCILLATOR OR 
AMPLIFIER 


Fig. 5-12. Keying circuits for percussion effects. 


For drumlike effects, a simpler arrangement can be used. 
The control voltage does not have to modulate a whole 
range of notes, but merely specific percussion tones like 
those from the bass drum, tom toms, temple blocks, wood 
blocks, claves, maracas, brush, and cymbal. 

The Wurlitzer “Side Man” provides such a selection. It 
includes a rhythm wheel, the speed of which is controlled by 
a tempo lever. A variety of popular rhythms can be produced, 
using the percussion effects in a programmed sequence at 
controlled speed. It is an extremely useful adjunct to any 
musician needing rhythm accompaniment. 

Differences in tonal effect are achieved by the way the 
oscillator circuit is coupled and by the way the change in 
bias introduced by the controlling impulse is combined with 
the oscillator signal. The maracas, brush, and cymbal effects 
depend on a noise generator similarly modulated by the 
impulse fed to its bias circuit. These impulses are produced 


THROUGH FILTERING TO GRID 
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GROUND BUS 


OPERATING 
CONTACTS 


NEGATIVE BIAS BUS —22V 


Fig. 5-13. Operating circuit for percussion used in the Wurlitzer 
“Side Man.” 
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by grounding a control point normally fed from a negative 
bias supply (Fig. 5-13). Additional push buttons make the 
electronic effects available without benefit of the regular 
rhythmic programming (Fig. 5-14). 

Separate coloration controls are provided for the blocks 
and cymbols. The pattern can be adjusted with an eleven 
position switch having ranges from rhumba beats to 6/0 
march timing. Tempos from 36 to 195 counts per minute can 
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Fig. 5-14. Control panel of Wurlitzer “Side Man.” 


be selected by one main control. Also provided, is a monitor 
light, an earphone jack, and a main volume control. 

These new developments are only an inkling of what the 
future holds in electronic musical instruments. Even these 
first instruments, crude as they may be, have enabled musi- 
cians to find a variety of effects that would have been im- 
possible without electronics. 
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Each new instrument differs from its predecessors and 
therefore seems strange initially. But after a little trial and 
error, the professional musician can make the instrument pro- 
duce a wonderful range of sound hitherto thought im- 
possible. Music is being written for them, and the scope of 
electronically generated music for the future is difficult to 
imagine. 
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CHAPTER 6 


Transducers for 


Musical Instruments 


A transducer is any device which transforms energy from 
one state to another. In audio electronics it may be a micro- 
phone, pickup, speaker, or earphones. As shown in an earlier 
chapter, several forms of transducers are used with musical 
instruments. For classical musical instruments, where the 
original sound is reinforced, the transducer is a microphone 
that transforms acoustic sound waves into electrical voltages 
or currents. 

For some instruments—particularly the newer ones de- 
signed for electronic amplification—the transducer is a 
pickup designed to transform mechanical vibration, from 
some part of the instrument, into electrical voltages or 
currents. 

Purely electronic instruments need a transducer—usually a 
speaker—to make the sound audible. 


MICROPHONES 


Most microphones used with musical instruments are quite 
simple in design, utilizing either magnetic or crystal (ce- 
ramic) elements, as shown in Figs. 6-1 and 6-2. Usually, the 
microphone case is sealed on one side of the diaphragm, or 
has only a small hole to equalize atmospheric pressure. This 
makes the microphone sensitive to variations in outside 
sound pressure, but not to the direction or distance from 
which the sounds come. 

Wide-range microphones like those used for high-fidelity 
recording are seldom employed. Such fidelity is unnecessary, 
since the quality is controlled electronically or by critical 
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Fig. 6-1. Basic parts of a magnetic microphone. 


placement of the microphone element. Moreover, it can be a 
disadvantage because alien sounds such as those from the 
mechanism of the instrument are often picked up, too. 

The commonest microphone has a ceramic element, which 
is inexpensive, provides a high output, and does not pick up 
hum. The lead connecting the element to the amplifier input 
is shielded to keep it from picking up hum. If tone and 
volume controls are desired, the high capacitive impedance 
of a ceramic element is a disadvantage, however. 

The electrical output of a magnetic microphone is pro- 
vided by a steel diaphragm which, as it is moved by air 
waves, fluctuates the magnetic field through a fixed coil (Fig. 
6-3). This output is more amenable to conventional tone- 
control circuits than the ceramic type, which is often used 
if only a volume control will suffice. 


DIAPHRAGM 


CRYSTAL 
Fig. 6-2. Basic parts of a ceramic (or crystal) microphone. 
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The relatively stiff, heavy diaphragm (compared to that 
of high-fidelity microphones) limits the frequency range of 
both microphones and thereby makes them more efficient in 
the relatively narrow musical range. This helps minimize un- 
wanted noises, and makes the most of the musical tones. 

Certain characteristics must be incorporated into the de- 
sign of a microphone, to match it to the instrument. Consider, 
for example, the conditions in an accordion. Each time the 
direction of the bellows movement is reversed, the pressure 
fluctuates greatly. If the microphone does not allow for this 
fluctuation, the output will be of sufficient intensity to over- 
load the amplifier input. 


NOTE: ARROWS INDICATE FLUX 
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Fig. 6-3. Two armature positions in a magnetic microphone. 


This high amplitude, low-frequency transient can some- 
times be controlled by inserting one or more bass-cut capaci- 
tors in the input circuit. Sometimes, however, many of the 
bass musical tones will be removed if too much bass cut is 
used. An alternative is to change the pressure release built 
into the microphone so that the more rapid change in pres- 
sure caused by changing the bellows movement is accom- 
modated without too much loss of bass. 

Microphones for instruments in the violin family need 
careful placement. Positioning of the inside microphone can 
be quite critical because of the way standing waves build up 
in violins, and also due to the undeveloped condition of some 
of the lower-frequency waves (particularly those close to the 
bass bar, or sound post). 

The outside microphone must be placed to pick up just the 
sound of the nistrument, not other outside sounds. Sometimes 
the microphone is faced toward the instrument body and 
fitted with a release to avoid cavity effect (Fig. 6-4). 

85 


PICKUPS 


Choice of pickup depends on the kind of vibration and the 
manner in which it is to be picked up. Magnetic pickups may 
be used on instruments with steel strings. As discussed 
earlier, however, the disadvantage of this method is that the 


MICROPHONE 


CAVITY Fig. 6-4. Microphone (with re- 


leases) mounted on the body 
ELEASES of an instrument. 


BODY OF INSTRUMENT 


output represents the movement of the string at only one 
point, not its total movement. However, use of more than one 
pickup can remedy this deficiency. 

The simplest pickups are arranged so all strings are in the 
field of one magnet and coil assembly (Fig. 6-5). Better 


MAGNET 


Fig. 6-5. Single magnet struc- 
ture for steel-string pickup. 


STRING 


COIL 


pickups, which enable closer adjustment of output from dif- 
ferent strings, employ separate pole pieces for each string 
and a single coil encircling all pole pieces (Fig. 6-6). 


Fig. 6-6. Single-coil, multiple- 
pole-piece structure for steel- 
Col string pickup. 


In an electronic piano, the pickup is usually electric (often 
called electrostatic). Its capacitance changes (like a variable 
capacitor’s) as the string moves (or the reed, in a Wurlitzer 
piano). 
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If the charge does not have time to change during the 
musical period, the voltage across the capacitor will be in- 
versely proportional to the instantaneous capacitance. The 
capacitance due to the string spacing is inversely proportional 
to the spacing. So if this were the only spacing involved, the 
output voltage would be strictly proportional to the move- 
ment of the string. 

What destroys this simple relationship is that the change in 
capacitance caused by movement of any one string is only a 
small part of the total capacitance. Thus the voltage varies 
more like the change in capacitance, but in the opposite di- 
rection (smaller capacitance, bigger momentary voltage). 
The closer the string is to the electrode, the greater its capaci- 
tance change and the greater the nonlinearity, as mentioned 
in Chapter 3. 

Some high-fidelity enthusiasts may be disturbed by this 
distortion component. But unlike in a high-fidelity system, 
where the distortion could cause intermodulation, here it 
only adds to the harmonic content of that one note. The 
reason is that only the portion of capacitance at that note is 
affected by the nonlinearity. Rather than distorting the over- 
all musical effect, the distortion really adds richness to the 
individual tones. 

Two types of pickups can be inserted into the bridges of 
stringed instruments. One is the ceramic, a readily installable 
stress-sensitive device (Fig. 6-7). It is particularly suited for 
the conventional, classical instrument, where the vibrations 
which the bridge transmits from the strings to the body must 
be reproduced. 

For other instruments, it is desirable to modify the effect 
by introducing artificial resonances to the pickup mountings. 
These resonances will simulate the timbre effects of a classi- 
cal instrument as closely as possible. A magnetic pickup can 
be coupled to the bridge in one of several ways (Fig. 6-8), 
according to the kind of sound required. There are two types 
of pickups in this group: The conventional type has a piece 
of magnetic material—either steel or iron—which moves in 
the field of a magnet. The more modern method is to do 
away with the fixed magnet by substituting a small magnet 
(usually ceramic ) for the moving piece. The coil picks up the 
magnetic-field fluctuations the same as the older type does. 
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Fig. 6-7. Ceramic pickup mounted in a bridge 
support structure. 


SPEAKERS 


Speakers used with musical instruments can quite strongly 
affect the tone coloration. A heavy, plasticized cone can give 
a woody quality like the sound of a good violin. A metal 
diaphragm—if thick enough, rather than thin as in the horn- 
pressure driver units—will produce a metallic sound like 
cymbals. Moreover, speaker cabinetry can be augmented 
with pipes to give a distributed hangover, or decay, effect 
like that of an organ. 

It should be stressed that a high-fidelity speaker may be 
useless for a particular musical instrument. Moreover a 
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MAGNET 
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Fig. 6-8. Three bridge-mounted positions for a 
magnetic pickup. 
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speaker may suit one instrument but be totally unsuited for 
another. Many of the speakers used in electronic musical 
instruments are made especially for the purpose. A person 
experienced in high fidelity may think that his instrument 
should sound better with a high-fidelity speaker than with 
the one provided. But upon substituting a better speaker, he 
will find that the whole effect which the designer built into 
the instrument will be lost. 

The same is true of microphones and pickups as well. The 
end result may be assessable to only a musician, because any 
microphone, pickup, or speaker will reproduce a succession 
of notes. The final tonal quality and smoothness—or whatever 
character the particular instrument should have—is the result 
of all the parts put together. It is an art rather than a science. 

All too often, someone with a more electronic than musical 
background will feel, from his experience, that he could 
improve the instrument by making a few simple changes. But 
if he knew the average musician’s capacity for taking pains 
to get the right sound, he would not be in such a hurry to 
conclude that the instrument designer has overlooked some- 
thing so simple. 

This does not mean the designer always does the best job 
possible. He is an artist, not a scientist, and artists are not 
supposed to know about efficiency or method. They “cut and 
try” until they get the effect they want. The final result could 
possibly be improved by, say, using a better magnetic ma- 
terial in the transducer. Doing so would not necessarily im- 
prove the sound quality, but might lessen hum or noise from 
the amplifier. The latter is where the electronics specialist 
will be able to help the musical-instrument designer. But 
when it comes to the quality of the musical tones, the mu- 
sician’s judgment should be foremost. 


EFFECTS 
Resonances 


Remember that although distortion should be avoided in a 
high-fidelity system because it causes undesirable peaks and 
accentuations that mar reproduction, such resonances con- 
tribute to desirable timbre in a musical instrument and, in 
fact, have always been the method of amplifying the sound 
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acoustically. Proper choice of resonance adds its own charac- 
ter to the sound. For this reason, a transducer for musical 
instruments will probably need some resonances. 

Just as resonance will make a poor instrument transducer 
from the high-fidelity viewpoint, using the transducer as it 
was not intended with an instrument could make matters 
even worse. Where resonances are needed to give the instru- 
ment the desired character, their absence will make the tonal 
quality “flat.” 


Distortion 


While nonlinear distortion at an input transducer can en- 
hance the musical timbre, a speaker used on an instrument 
capable of playing several notes at once must be free from 
intermodulation distortion. If the instrument is of the solo 
type, however, speaker intermodulation distortion is harm- 
less—in fact, it may add to the timbre of the instrument. 

From this discussion, it is evident that transducers for 
electronic musical instruments come in a very special cate- 
gory. It does help to know the way in which needs for differ- 
ent instruments may differ, but the final choice is really up to 
the artist. 


Reverberation 


Another use for transducers is in reverberation units. At 
present there are three main types: acoustic, tape, and spring. 
In the acoustic reverberation unit, a pressure-type driver 
feeds sound waves into one end of a pipe, and a microphone 
picks them up at the other end (Fig. 6-9). Proper acoustical 
matching of each unit to the pipe, and avoidance of un- 
desirable cavities, are important. 

The tape unit is the simplest, yet the most expensive. The 
cost is probably why many are not used, except in recording 
studios. The sound is first recorded on an endless loop of 
tape from which several playback heads reproduce a suc- 
cession of replicas of the recorded waveform. A realistic re- 
verberation effect can then be produced by adding these 
replicas to the original signal in any desired proportions 
(Fig. 6-10). 

Although quite complicated in some respects, the tape 
system is simple to use and is free-from the troubles that 
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Fig. 6-9. Pressure-type speaker for driving a pipe 
reverberation unit. 


(Courtesy Audio Instrument Co.) 
Fig. 6-10. Tape-loop reverberation unit. 
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beset both acoustic- and spring-type reverberation units. A disadvantage of the spring type is that it can sound 


The simplest tape unit has only one record and one play-— exactly like what it is—a vibrating spring. Also, it is always 
back head, plus an erase head. Also required are a recording somewhat susceptible to extraneous vibrations. These can be 
amplifier, a playback amplifier, and a bias oscillator. overcome by driving the spring as hard as possible (by using 


amplification before the driver), so that stray vibrations will 
be much smaller than the musical vibrations. 


(Courtesy of Hammond Organ Co.) 
Fig. 6-11. A spring reverberation unit. 


The spring-type unit is simple and the cheapest of all 
(Fig. 6-11). A transducer at one end vibrates the spring in 
step with the sound waves. These vibrations (Fig. 6-12) — 
travel along the spring and are picked up at the other end 
by a sensitive pickup. 
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CHAPTER 7 


Electronic 


Circuit Elements 


Simple amplification was the first major role of electronics 
in musical instruments. Modern music amplifiers have added 
many musical effects to the sound of an instrument. Again 
the qualities that make a musical instrument amplifier good 
are not always those needed for a good high-fidelity amplifier. 
For this reason, musical amplifiers must be tailored to the 
individual instrument. 


SYSTEM CHARACTERISTICS 


Output Power and Distortion 


The output required depends on the type of instrument 
considered. A solo instrument such as the Martenot, Ondio- 
line, or Theremin needs only 10 watts because none handles 
more than one note at a time. On the other hand, instruments 
which play chords (such as an accordion or any with more 
than one string) often need as much as 50 to 60 watts. 

Unlike the amplifier on a solo instrument, the one for an 
instrument on which chords will be played must have a 
distortion figure comparable to or even better than that of 
most high-fidelity amplifiers. 


Frequency Response 


The frequency response of a musical-instrument amplifier 
may be less important than that of a high-fidelity amplifier. 
In fact, it may even need some tailoring for the particular 
instrument. Tone controls must also be suited to the instru- 
ment. For example, a guitar amplifier should have a different 
tone control from that of a bass amplifier. Although both 
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amplifiers may have the same circuit configuration, the 
component values will differ. This will change the frequency 
at which the controls take effect. 


Matching 

In electronic musical-instrument amplifiers, matching is 
important and is often misunderstood. The amplifier input 
must be designed to accept the type of transducer with 
which it is used. If the voltage from the pickup or micro- 
phone is too low to drive the amplifier, the sound will be 
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(A) Fixed resistor. (B) Volume control. 
Fig. 7-1. Loading resistor for ceramic microphone. 


inadequate—however high the volume is tured. If too 
high, the signal may overdrive the input-stage amplifier and 
cause distortion which the volume-control setting cannot 
eliminate. 

Not only the voltage level from the pickup, but the im- 
pedances as well, must match those of the amplifier. For a 
magnetic pickup or microphone, the amplifier input re- 
sistance should be 100,000 ohms or more. For a crystal or 
ceramic pickup, the input resistance—which may be a fixed 
resistor or a volume-control potentiometer (Fig. 7-1) should 
be at least 2 megohms to avoid bass loss. 

If the amplifier input circuit cannot conveniently be 
changed to this high input impedance (sometimes such a 
change results in hum from the input tube ), and if the output 
voltage of the pickup is excessive, a lower value of input 
resistance may be used—provided a suitable capacitor is 
connected across it (Fig. 7-2). Note this change is correct 
and effective for ceramic or crystal pickups or microphones 
only. The capacitor attenuates the whole frequency range 


of these transducers to keep the lower resistance from at- — 


tenuating the bass only (Fig. 7-3). 
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Fig. 7-2. A lower-valued input 
resistor (R) with bass correction, 
capacitor (C). 


Use of Controls 


Another point to watch out for is the effect of the various 
controls on the input impedance. If the control is on the 
amplifier, it will affect the impedance at the connecting lead 
(7-4). Many musicians prefer a control on the instrument 
so they can make adjustments and thereby produce various 
effects as they are playing. Such a control can change the 
impedance (Fig. 7-5), however, with adverse results. 

If a high-resistance volume control is used, the lowest 
input impedance will usually be at the maximum and 


HA CT a a a a 
Oa a a cm ma 2 
| [premecoms | TATITT T TTT 
ZH CH 
A 
PT LIT Zeoox onms| (TTT TT TTT 
Seat gaat eee 
rd 
ta tek Oe ier ie re eb 
WRAY A195 SP Pe 8 A 
78 RO NG PS A eb 


eee eh ET) ae 
LAA 200K OHMS WITH C NINE TIMES MIC. CAPACITY 


10 


Fig. 7-3. Effect of inputs on ceramic-microphone performance. 
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AMPLIFIER 


Fig. 7-4. Volume control at the amplifier. 


minimum settings, and the highest input impedance will be 
at the middle setting. As a result, the hum at midsettings 
may be more than at either extreme. 


INSTRUMENT saben 


Fig. 7-5. Volume control at the instrument. ( Formula 
shows impedance changes.) 


Instrument-mounted tone controls are a usually relatively — 


troublefree treble-cut arrangement. When full tone-control 


facilities are installed on an instrument, a preamplifier should 
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Fig. 7-6. A transistorized tone-control circuit. 
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also be included.This is often impractical to do with a tube 
circuit, but is no problem with transistor types. A simple, 
versatile circuit is shown in Fig. 7-6. Values of resistors 
marked with an asterisk (*) should be adjusted so the tran- 
sistor collector and emitter voltages are slightly less than half 
the negative supply voltage. 


TREMOLO AND VIBRATO 


A useful adjunct to many instruments is tremolo or 
vibrato, usually achieved by means of a low-frequency R-C 
oscillator (Fig. 7-7). Component values are chosen to give a 
reasonably sinusoidal waveform over the range of speed 
(frequency) used. The low-frequency oscillator output is 
used to modulate either an amplifier stage or a special 
variable phase-shift network. 


05 


I2AX7 OR EQUIVALENT -09 


(> output 


Fig. 7-7. Typical vibrato or tremolo oscillator circuit. 


Early tremolo circuits used tubes as variable gain ele- 
ments (Fig. 7-8), but these produced quite a large thump 
that had to be eliminated by heavy filtering. More modern 
circuits primarily provide a balanced fluctuation. 

One of the problems with a vibrato or tremolo circuit is 
leakage of sufficient oscillator signal into the audio output 
to cause a thumping noise. Sometimes this effect can be elim- 
inated by using a high-pass filter or small coupling capacitors. 
Even better is a balanced modulator, to vary the amplitude 
of the tone in accordance with the low-frequency oscillator 
signal without (theoretically) allowing the signal to get 
into the output. If the balance is not quite perfect, a small 
amount of thumping will occur, but can easily be filtered out. 
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STEADY TONE Bt 


TREMOLO FREQUENCY 
Fig. 7-8. An old form of tremolo modulator circuit. 


One useful element for tremolo circuits is the varistor. 
Two are put in series from plate to cathode of a phase- 
splitter tube (Fig. 7-9), the grid of which is fed from the low- 
frequency oscillator. The resistance of both varistors will 
change according to the voltage across the tube. As the 
plate voltage goes positive by the same amount the cathode 
goes negative (or vice versa) during the low-frequency 
cycle, the resistance of the two varistors will always be the 
same (or nearly the same). Although both voltages are vary- 
ing, there should be no low frequency between them at the 
junction. 

Because the resistance of the varistors is changing cy- 
clically with the low frequency and in the same way (both 
plate and cathode varistors increase and decrease at the 
same times), this junction is a variable resistance to ground. 
By shunting the changing resistance across a high-impedance 


LOW- FREQUENCY 
INPUT 


FLUETUATING 
RESISTANCE 
CONSTANT VOLTAGE 


Fig. 7-9. Varistors in modern vibrator and tremolo circuit. 
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Fig. 7-10. Varistor tremolo modulation circuit. 


plate circuit, a tremolo effect can be produced (Fig. 7-10). 
When the variable resistance is part of a phase-shift network 
(Fig. 7-11), the effect becomes vibrato. 
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Fig. 7-11. Varistor vibrato modulation circuit. 
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TREMOLO 
OUTPUT 


Variations of these circuits can be used, such as substitut- 
ing a semiconductor diode for the varistor, as shown in Fig. 
7-12. The resistance of a diode varies at very low voltages or 
with the current flow, so that the easiest way to control it 
is with resistance. 


Fig. 7-12. Diodes in vibrato 


NOTE: RESISTANCE or tremolo modulation. 


FROM C TOD CHANGES 
WHEN CURRENT 
THROUGH ATO B 

IS VARIED 


In addition to thump, another problem that must be 
avoided in tremolo and vibrato systems is distortion. If the 
modulator signal is too low, the output is likely to contain 
either hum or noise. If too high, the musical voltages will 
change the modulator resistance as well as the low- 
frequency oscillator output, and the result will be distortion. 
A compromise is therefore needed, to avoid noise at one 
extreme and distortion at the other. 


Fig. 7-18. One form of basic 
R-C oscillator. 


TONE GENERATION 


For purely electronic instruments like an electronic organ, 
the design breaks down into tone generating and tone modu- 
lating circuits. Instruments that use musical tones need some 
sort of oscillator, which may be an R-C (Fig. 7-13) or tuned- 
circuit type (Fig. 7-14). The waveform depends on how 
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hard the generator is made to oscillate. If the feedback is just 
beyond the point where oscillation begins, the waveform 
will be almost sinusoidal. If greater, the waveform gets more 
jagged, usually becoming triangular or sawtooth in shape. 


OUTPUT 


Fig. 7-14. An electron- Cc Bt 
coupled Hartley oscillator. 


Oscillators 


A sinusoidal variable-frequency oscillator is likely to be 
less stable, both in frequency and in amplitude, than the 
sawtooth variety. As it happens, the larger harmonic content 
produced by the sawtooth type is also better musically. So 
everything works out fine. 

In the Theremin and Martenot, two oscillators produce 
ultrasonic frequencies, and the difference between them then 
becomes the musical output. In the Theremin a capacitance 
attached to one oscillator (in the form of the antenna) helps 
control the frequency. 

A succession of inductances, shorted out by the keyboard, 
are used in the Martenot to change the oscillator frequency. 
For glissandi playing, capacitance in the same circuit shifts 
the frequency in a similar manner (Fig. 7-15). 

G 


GLISSANDI 
CAPACITANCE = 
MAIN 
INDUCTANCE 


MAIN 
CAPACITANCE 
KEYBOARD INDUCTORS 


Fig. 7-15. Method of switching from keyboard (K) to 
“glissandi” (G) in the “Martenot.” 
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The Martenot employs an interesting way of shifting the 
pitch of the entire keyboard one whole octave. In one 
switch position, the fixed oscillator has a frequency of 80 ke 
and the variable is always below this by the note being 
played. In the other switch position, the fixed-oscillator fre- 
quency is 160 ke and the variable’s second harmonic beats 
with it to produce a difference note that is always twice the 
frequency, or one octave higher. 

The Ondioline oscillator is the R-C type. By switching the 
capacitors in out and out (Fig. 7-16), the keyboard can play 


OCTAVE SWITCH 


MAIN TUNING CONTROL 


INTERVAL TUNING 
CONTROL 


= PRECISION 
KEYBOARD 
RESISTORS 


Fig. 7-16. Method of tuning in the “Ondioline.” 


four basic octaves. A succession of carefully selected resistors 
ensures that the notes will have the correct intervals. Fine 
tuning is effected by means of a variable resistor. 

The other kind of generator is used for percussive sounds. 
Usually a high-gain tube, mounted inside a shielded box to 
eliminate hum, is employed. A fairly high resistance in its 
grid circuit produces noise voltages, which are amplified and 
passed through formant circuits for coloration corresponding 
to that of a wire brush, maracas, cymbals, etc. 


Modulators 


Following the basic generators are modulator circuits. 
In the Theremin, capacitance between the player's hand 
and the second antenna is arranged to change the volume. 
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Since the oscillators are working all the time, this control 
must be used, both to get expression and to interrupt the 
sound between notes if effects other than glissandi are de- 
sired. 

In the Martenot and Ondioline, different methods of in- 
tensity modulation—in the form of a variable resistance— 
are used, with similar effects. One employs a sac of carbon 
granules, and the other a fluid with controllable conductivity. 
The swell may be operated by a pedal or by a knee or hand 
control. 

The Ondioline produces percussion effects by gain- 
modulating a pentode through the voltage applied to its 
screen (Fig. 7-17). The voltage is applied through additional 
contacts operated by a bar running the whole length of the 
keyboard, or by a separate contact in the form of a ribbon 


——_e—+> 6+ 


PERCUSSION CONTROL 


(> output 


Fig. 7-17. Method of percussion injection used in 
the “Ondioline.” 


and shorting bar in front of the keys, where a rhythm can 
be tapped out by the thumb or another finger while key con- 
tact is manitained. 

The Ondioline also has an expression (volume) control 
operated from the same key bar and used whether or not 
the percussion is being sounded. 

Both the Ondioline and Martenot have an intriguing form 
of vibrato that makes the instruments much more flexible to 
a musician than any purely electronic vibrato. The keyboard 
can be moved laterally by the playing finger (against springs 
or foam-rubber cushions). In the Ondioline, the movement 
allows a capacitance (in parallel with the main-frequency 
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capacitor and consisting of a fixed and a movable plate) to 
vary the oscillator frequency. 

In the Martenot, a similar shift is achieved by movement 
of a coil and a piece of steel relative to each other. The 
capacitance in the Ondioline is a constant fraction of the 
total (at that position of the octave selector switch). Hence 
the amount of vibrato corresponding to a certain vigor of 
movement remains constant, no matter what key is played. 
In the Martenot, however, a constant change of circuit induc- 
tance would result in a constant number of cycle-per-second 
changes, not a constant percentage. So several inductors are 
used in series with the ones shorted out by the keyboard, to 
enable a constant vibrato effect to be produced along the 
whole length of the keyboard. 

In each instrument, one alternative is a purely electronic 
vibrato which varies both the amplitude and phase by inject- 
ing a variable bias into the oscillator circuit. As the oscillator 
signal builds up and dies down, its phase is also advanced and 
retarded. 


Tone Formation 


The Ondioline uses frequency dividers, followed by sep- 
arate volume controls, to achieve different proportions of 
frequencies over three octaves—including the octave (which 
is topmost) selected by the keyboard. These controls can 
change the tonal effect drastically. There are also formant 
circuits that put different frequencies into the output, like 
resonances in an instrument structure. Thus this instrument 
uses both methods of selecting tone control—changing the 
harmonics by synthesis (the adjustment of relative propor- 
tions from the three octaves), and the changing of frequency 
spectrum by formants. 

The Wurlitzer Side Man uses oscillatory circuits to 
produce effects similar to those from the bass drum, tom 
toms, and blocks. For the drums the circuit is quite similar 
to that of an oscillator, but the bias valués are such that 
it doesn’t quite oscillate (Fig. 7-18). Injection of the control 
voltage (by either the push button or programming wheel ) 
sets the circuit into momentary oscillation. This produces 
an impulse shaped to resemble the drum’s being hit with an 
appropriate drumstick. 
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Fig. 7-18. A drum section of the Wurlitzer Side Man. 


For blocks, the circuit is slightly different. The resonant 
effect is less definite but coloration is pronounced (Fig. 
7-19). For maracas, brush, and cymbals, noise from the tube 
generator is fed into the grid of the control tube, along with 
the controlling impulses. Formant circuits add coloration 
resembling the effect of maracas, brush, or cymbals. 


B+ 305V 


GROUND BUS 


—22V BUS 


Fig. 7-19. Circuit for a wood-block section of the 
Wurlitzer Side Man. 
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RELIABILITY 


Many electronic instruments, although ingenious, are so 
complicated, costly, or difficult to maintain in tune that they 
have not become popular. The Martenot, for instance, re- 
quires quite critical tuning (although the procedure itself 
is relatively simple) and can easily go out of tune. If one of 
its two oscillators shifts by 2 cycles, this is only .0025% of 
80,000 cycles—which is good stability. But compared with a 
final note of 220 cycles (low A), this is almost 1%, or one-sixth 
of a semitone, off key. And to a note three octaves lower, it 
is a change of more than a semitone. 

The Ondioline, one the other hand, is slightly less versatile 
in some of its effects, but is much more stable. As in so many 
other areas, the choice of circuitry and method is a com- 
promise. Different compromises yield instruments with 
various characteristics. 
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CHAPTER 8 


Installation and 


Servicing Details 


Most completely electronic musical instruments are in- 
stalled by merely plugging the power cord into the most 
convenient receptacle. This chapter will discuss those in- 
stallations where problems may arise, such as fitting elec- 
tronic amplification to a classical instrument. Earlier chapters 
showed how different instruments can be fitted with ap- 
propriate microphones or pickups. Two points to consider 
in making any installation are: 


1. Any structural work such as drilling holes or fitting 
brackets must not interfere with the playing of the 
instrument. 

2. The sound relayed by the pickup or microphone must 
match the quality of the unamplified sound. 


Other problems may demand your attention when you 
install the amplifier and speaker into their cabinet. 


MECHANICAL FITTING 


In stringed instruments whose bodies contribute to sound 
quality, be careful not to interfere with that quality when 
fitting parts to them. Drilling a hole at a point where the 
body is under stress will weaken that point and thereby 
destroy the whole vibrational quality of the instrument 
(Fig. 8-1). Clamping a fitting to the body can likewise 
restrict or modify the natural vibration—either by restricting 
the movement of the body (Fig. 8-2), or by adding mass 
(weight) which the vibration is forced to carry (Fig. 8-3). 
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The best form of mounting is a fixture of rubber or an- VIBRATION 


other compliant material. If possible, mount parts where : ia SST SS { 
vibrational nodes occur, in order to minimize both restric- (A) Without weight SSS 
tional and mass-loading effects (Fig. 8-4). 


7 WEIGHT CLAMPED 


CROSS SECTION OF A 
STRING INST. TO BODY 
. (A) Body under normal stress. 
: (B) With weight in place. ~~ / 
VIBRATION 
HOLE 
ea CLAMP 
Fig. 8-3. Restraining effect of clamped weight. 
(B) Distortion caused by hole. 
Fig. 8-1. Weakening effect of a hole drilled in an instrument body. 
(A) Vibration node. 


Leads 
Leads should be taken through existing holes where pos- ee 


sible, rather than boring new holes and weakening the 
structure. The only exception is straight posts or pegs under 
lengthwise stress: they can be bored lengthwise and the 


SSS ee SS (A) Vibration without clamp. (B) Clamp at node. Rese 
FOAM 
AREA RESTRAINED RUBBER | 
ith aaa ; Fig. 8-4. Avoiding interference with natural vibration. 


(B) Vibration with clamp. 


— 


Fig. 8-2. Restraining effect of a clamp. ; (A) Solid post. 


lead taken through them (Fig. 8-5). This idea is the basis of 
the Ampeg patent for string bass; the microphone connection 
is brought out through the peg on which the instrument rests ————— 
(Fig. 8-6 ) : (B) Bored for lead-thru. 

In reed instruments like the accordion, vibration of the POST BORED FOR 
frame does not contribute to the sound (although the con- mak ie Gs 
tour may ). So the restriction on drilling does not apply here. 
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SOLID POST 


Fig. 8-5. A solid post drilled to accommodate a lead. 


However, be extremely careful not to drill through any 
vital component—which is easy to do, since space is at such 
a premium. For the same reason, the mounting position 
must be carefully chosen. 


Placement 

Precise placement of microphone or pickup is usually very 
important to sound quality. It is the next step after a suitable 
mounting method has been found. With a string pickup, 


Fig. 8-6. The Ampeg method of mounting a microphone. 


the lengthwise position and the proximity of the strings make 
a difference in quality. The closer the pickup to the strings, 
the louder the volume of course. But if you compensate for 
volume by adjusting the amplifier gain, the tone quality will 
change, too. 

Where a microphone is used, the air-particle movement 
and pressure pattern are so complicated in and around any 
instrument that precise placement of the microphone can 
have a very dramatic effect on tone quality. Placement is 
something you will have to experiment with by ear, until you 
find the spot where the amplified sound is most natural. 

Don’t forget the other variable—the way the microphone 
faces. The program output from a microphone is due to 
sound pressure at its front. In a spacious room there is not 
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much difference in tone quality between sounds picked up 
from different directions. But in the tightly enclosed space in 
a musical instrument, or when the microphone is close to the 
instrument, even rotating the microphone without moving 
it can make a dramatic difference in the sound. 

This is as true with a stringed instrument of the violin 
family as it is with an accordion or other reed instrument. 
Some have successfully fitted microphones to harmonicas, 
but the even smaller dimensions make this quite difficult. 


Tone Control 


Once the best positioning and mounting have been at- 
tained, the tonal balance may be thin or perhaps bass-heavy, 
even though the tonal quality is acceptable. Either defect can 
be offset by suitable use of the tone controls. 

In an effort to keep them simple, tone controls are some- 
what restricted in what they can do. A full tone control has 
provision to boost or cut the bass or treble at either end of 
the response curve, but usually not where the boost or cut 
takes place (Fig. 8-7). 

If the sound is too shrill when you try to get a brilliant 
effect, the treble boost is probably beginning at too low a 
frequency. This can be cured by substituting smaller-valued 
capacitors in the treble-control circuit (Fig. 8-8). If you can- 
not get enough solid bass without its sounding boomy, the 
bass boost is starting at too high a frequency. Replacing the 
capacitors with ones of higher values (Fig. 8-9) should 
restore the sound quality. 

The controls will seem to have no effect if the treble is 
already too high in frequency or the bass is too low. In such 
a case, the treble controls need larger-valued capacitors, or 
the bass controls smaller-valued ones. 


MATCHING 


Input connections produce mostly matching problems. The 
amplifier must have enough gain to handle the range of input 
voltages provided, but not so much that distortion occurs. 
Too little gain—resulting in inadequate volume—means either 
the gain of the amplifier must be increased, or a more sensi- 
tive microphone or pickup used. In a feedback amplifier a 
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Fig. 8-7. Usual type of tone control response variation. 
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Fig. 8-9. Bass response control components. 
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little more gain can be obtained, without too serious degra- 
dation of quality, by reducing the feedback. This is done by 
using a larger-valued feedback resistor (Fig. 8-10). 

If there is so much gain that the amplifier output is dis- 
torted, the input signal must be cut down. With a ceramic 


INPUT STAGE 


Fig. 8-10. Feedback resistor (R). 


pickup or microphone, a capacitor across the input circuit is 
sufficient. For other types, fixed resistors are needed, in 
addition to the normal controls (Fig. 8-11). 


HUM 


Hum can be a problem in any installation. First check the 
pickup or microphone housing, to make sure it has a good 
ground connection back to the amplifier. Then do the same 
for the case of any volume or tone controls, as well as any 
metal panel they may be mounted on. If the hum is still there, 
look for any unshielded wires or resistors. If proper shielding 
is not feasible or does not remedy the situation, the circuit 
impedance may be too high for the amplifier input. Try 


AMPLIFIER 


INPUT 


Fig. 8-11. Fixed resistors in the input circuit 
of an amplifier. 


lower-valued controls, all the while watching that the tone 
quality is not degraded as a result. 


ACOUSTIC FEEDBACK 


Installing an amplifier in the same cabinet with the 
speaker can cause a host of troubles. But it is normally im- 
practical to house the amplifier elsewhere, so you will just 
have to make the best of it. At its worst, the speaker will feed 
sound waves to some tube electrodes, building up an acoustic 
howl that can only be cured by turning the volume down (or 
disconnecting the speaker in extreme cases). Turning the 
bass or treble control down may stop the howl—but at the 
expense of tonal quality. In milder cases the speaker may 
be on the verge of howling and upset the musical quality, 
even though no how! is actually heard. 

Try to find the tube most susceptible to vibration, by 
tapping each one gently while listening to the speaker. When 
you find the culprit, change it for an equivalent but more 
rugged type designed to reduce microphonics. If no such 
substitute exists, try several tubes of the same type but 
different manufacturers. Quite often there is considerable 
variation between such tubes. In completely transistorized 
amplifiers, microphonics is no problem of course. 


SERVICING 


Servicing electronic musical instruments follows estab- 
lished practices for audio amplifiers and associated equip- 
ment. Where microphones or pickups are used, there is little 
difference—from a servicing standpoint—between the instru- 
ment and a public-address or other audio system. But purely 
electronic instruments can present some unfamiliar servicing 
problems. 

Most electronic musical instruments differ so radically 
from more conventional equipment in their whole concept 
that successful servicing often depends on your spending 
enough time figuring out just how the instrument works—or 
at least the section needing attention. Hit-and-miss servicing, 
based on convenient rules of thumb or on experience, is not 
sufficient—unless you are lucky enough to be able to draw 
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on someone else’s experience with the same instrument, or 
have a good manual describing the instrument. 


Oscillators 


Instruments with an R-C oscillator (such as the Ondioline ) 
are tuned by changing resistors and capacitors. Like an audio 
oscillator, one kind of element can be used as a range, or 
octave, switch while the other provides fine tuning to select 
notes within the octave (Fig. 7-16). If precision values are 
off, alignment is called for. This is a job for an expert, if not 
for the factory itself. However, general shifts that make all 
the tone intervals too narrow or too wide can be due to a 
change in value of nonprecision components, which are 
not difficult to check and replace. 

Instruments with two oscillators in a beat-frequency, or 
heterodyne, circuit (such as the Theremin or Martenot) can 
likewise be tuned capacitively or inductively. Before under- 
taking any trimming, however, make sure you understand 
the entire tuning procedure. Usually, only the higher- 
frequency oscillator is fixed. In the variable oscillator, en- 
larging either the total circuit inductance or capacitance will 
reduce its frequency but raise the ultimate output frequency 
(or should; but if the variable gets on the upper side of the 
fixed, the output frequency will be inverted—i.e., high notes 
low and vice versa). 

Remember that inductances in series add their individual 
values. If there is mutual inductance, the total may be more 
or less than the sum of the inductance of the individual parts. 
Otherwise, the total will be strictly the sum of the parts. 

Capacitances in parallel, like inductances in series, add 
their individual values. In series, however, the total capaci- 
tance is less than the value of any individual capacitor. Re- 
member also that the frequency is not directly proportional 
to either inductance or capacitance. So twice the change in 
either capacitance or inductance will not necessarily produce 
an octave change in pitch (or twice the pitch interval, 
as the case may be). 

If the tuning circuitry is working improperly, it will be 
worth your time to figure out exactly what should happen, 
based on the simple relationships just described. For exam- 
ple, if a capacitor in series is switched into a circuit (Fig. 8- 
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12), you should be able to deduce that opening the switch 
puts two capacitors in series. As a result, the total circuit ca- 
pacitance drops and thereby raises the oscillator frequency. 
If the variable oscillator is one of a heterodyne pair, the out- 
put frequency should go down. If it drops too far or not 
enough, the change in capacitance may be wrong. More 
likely, however, the relationship between the two oscillator 


ty fer 


Fig. 8-12. Opening switch re- 
duces capacitance in circutt. 


frequencies will be incorrect at both points and you will 
probably have to change the frequency of the fixed oscillator. 

A dead oscillator is serviced like the oscillator in any other 
piece of electronic equipment. A tube may have failed; 
components may be open, shorted, or off value; or the wiring 
may be faulty. If you have no schematic to check these 
details against, take a few moments to draw one by tracing 
through the circuit. 


Pitch Fluctuation 


It is normal for the pitch of any heterodyne instrument to 
change somewhat during warm-up, despite the efforts of 
temperature-compensating components to hold the fre- 
quency steady. So don’t attempt to tune any electronic 
musical instrument—particularly a heterodyne type—until 
the temperature has leveled off. 

If the pitch continues to waver, even after warm-up, one 
of the temperature-compensating components is probably 
defective. But don’t attempt to replace it unless you have a 
well-equipped service bench and a thorough background in 
electronic servicing. 


Other Parts 


The same thoroughness is needed with other circuit ele- 
ments such as vibrato, tremolo, and formants, especially if 
their operation is unfamiliar to you. The preceding chapters 
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have explained how such circuits work. Make sure you 
understand their operation, either by reading a manual or by 
actually tracing them. Otherwise, confine your servicing to 
tube replacement—which, incidentally, should not be 
sneered at; eight out of ten defects can be cured by merely 
replacing a tube. 


Glossary 


attack—The time a tone or sound takes to build up to its full intensity. 


bass bar—A bar cemented to the body (internally) of a stringed in- 
strument to reinforce it and thereby improve its vibration at bass 
frequencies. 

bridge—(1.) The part of a stringed instrument that transmits sound 
from the strings to the body, where the sound is normally radiated. 
(2.) In a fully electronic stringed instrument, the corresponding 
part that transcribes the mechanical vibrations into electrical 
signals. 


decay—The time a tone or sound takes to die away completely from 
maximum level. 

divider—An electronic circuit which provides an output frequency 
exactly one octave lower than its input frequency. 


finger board—The portion of a stringed instrument where the fingers 
of one hand control the vibrating length of the strings to produce 
the desired notes (those higher in frequency than when the string 
is played open). 

formant—An electrical circuit that modifies the overtone or harmonic 
content of musical tones by applying specific frequency character- 
isitics in transmission or amplification. 

frequency—The rate, in vibrations or cycles per second, corresponding 
to musical pitch. (Also see Pitch.) 

frequency response—The relative performance characteristic of a 
system, such as an amplifier and its associated components, at 
different frequencies over the audible range. A frequency response 
is called “flat” when all audible frequencies are handled uniformly. 

frets—Small bars that divide the string length in specific intervals. 
They are found on the finger board of the instrument, under the 
strings. (Also see Finger Board.) 

fundamental—The lowest, or main, frequency produced by any tone 
generator. 


glissando—A tone that glides from one pitch to another. 


harmonics—The electronic equivalent of overtones. Harmonics are in- 
variably perfect overtones (q.v.). A frequency three times the 
fundamental will be termed the second overtone, but the third 
harmonic. 

harmony—A group of notes played simultaneously, as distinct from 
notes played one at a time. (Also see Solo.) 

hum—A low-pitched (at the power-line or power-supply frequency) 
sound of constant intensity, induced into the musical output from 
the supply or line. 
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intermodulation—A form of distortion wherein the presence of one 
tone distorts another, usually of widely different frequency. 

interval—The ratio, between frequency or pitch of two tones, which 
makes them identifiable as different notes. 

intonation—Any slight modification of pitch or frequency that makes 
the sound “flat” or “sharp”? compared with the natural frequency 
of the note played. Intonation will be a change in pitch less than 
a semitone, the smallest musical tone interval. 


microphone—An instrument that converts acoustical sound waves to 
electrical signals. 


note—A single steady tone consisting of the fundamental and what- 
ever overtones or harmonics determine the quality. 


octave—(1.) The relationship between two tones, the frequencies of 
which are in a ratio of exactly 2:1. Such tones are identified by the 
same name (letter) followed by the octave to which they belong. 
(2.) The whole group of twelve tones, before the names (of the 
notes) begin to repeat in the next octave. 

oscillator—An electronic tone generator. 

overblowing—Blowing a wind instrument hard enough that the note 
sounded will be an overtone (higher in pitch than the funda- 
mental). 

overtones—F requencies, higher than the fundamental, produced by a 
musical tone generator, also natural to it. A trwe overtone is an 
exact multiple of the fundamental frequency. Many tone genera- 
tors produce overtones not so related. (Also see Fundamental.) 


percussion—(1). Any sound characterized by sudden or sharp tran- 
sients. (2.) The instruments that produce such sounds, such as 
drums, cymbals, gongs, bells, chimes, etc. (3.) In modern music, a 
composition centered around this kind of instrument, but not 
confined exclusively to it. 

pickup—Any device that converts into electrical signals the mechanical 
vibrations associated with sound waves. 

pitch—The quality about a musical sound that depends on the fre- 
quency of vibration causing it. A low frequency corresponds to a 
low pitch, a high frequency, to a high pitch. Pitch is measured in 
octaves, tones, and semitones. (See Also Frequency.) 

portamente—The carrying of a tone continuously from one pitch to an- 
other. (See Also Glissando.) 


reed—A thin bar located in a narrow gap and made to vibrate by blow- 
ing wind through the gap, although it may be vibrated electrically 
or magnetically in some instruments. 

resonator—Any device that vibrates at its own natural frequency. 

reverberation—The cumulative effect of sounds reflected around a 
room or auditorium too quickly to produce distinguishable echos, 
but rapidly enough that musical tones are sustained momentarily. 


scale—(1.) The accepted succession of notes, using seven intervals 
(some tones and some semitones) such as C, D, E, F, G, A, B, C, 
(2.) The succession of twelve semitones that make up the complete 
octave of notes. (See Also Note, Octave, and Semitone.) 
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semitone—A tone interval precisely one-twelfth of an octave in pitch. 
Twelve semitone intervals make up an octave. (See Also Interval, 
Octave, and Pitch.) 

solo—(1.) Music in which only one note is played at a time (however 
rapid the succession). (2.) An instrument played in this manner 
only. (Also See Harmony.) 

sound post—The part of an instrument such as a violin, that transmits 
sound vibrations from the top to the bottom of the body. 

stereo (short for stereophonic)—In electrical musical instrument us- 
age, the handling of sound from different parts of an instrument 
separately, to give more detailed control of sound quality from the 
whole instrument (not to be confused with the high-fidelity usage 
of the word). 


timbre—The musical quality of a tone, as determined by its overtone 
or harmonic content. (Also See Harmonic and Overtone.) 

tone generator—Any device that produces a musical tone or note. It 
may be a string, pipe, reed, or electronic oscillator. 

transducer—(1.) Any device that converts vibrations, waves, or signals 
from one form to another (acoustical or mechanical to electrical 
or magnetic, or vice versa). (2.) A general name encompassing 
microphones, pickups, and speakers. (Also See Bridge, Micro- 
phone, and Pickup.) 

transient—(1.) Variation in the state of a tone, particularly the way it 
begins or dies away. (2.) Often, a note that starts suddenly as 
the result of a plucking or striking action. (Also See Attack, 
Decay, and Percussion.) 

tremolo—A wavering effect produced by a periodic change in intensity 
of a note. 


vibrato—A wavering effect produced by a periodic variation in fre- 
quency or pitch of a note. (Also See Frequency and Pitch.) 


waveform—The shape displayed on an oscilloscope by an electrical 
signal corresponding to a musical sound. 

wavelength—In an acoustic wave, the distance between the crest 
(maximum pressure) of one wave and the same point on the next 
wave. 
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Index 


A 
Acoustic feedback, 115 


B 


Bass, electronic, 56-57 
Bassoon, 16, 18 

Bell tone, frequency of, 23, 24 
Bridge movement, 49-50 


C 


Capacitive modulator, 106 
Castanets, 22 

Choir effects, 65 

Chime tone, frequency of, 


Chimes, 57-60 
Clarinet, 16, 18 
Connections, matching of, 114 


D 


Diode circuits, 102 
Directional properties of a 
horn, 19 
Directional properties of 

music, 25 
Distortion, 90 
output power and, 95 


E 
Electrical pickups, 51-52 
circuit, 52 
Electronic bass, 56-57 
Electronic piano, 60-61 


F 
Feedback, acoustic, 115 
Fixed oscillators, 104 
Flute, 16, 17 
Frequency dividers, 106 
Frequency response, 95-96 
Frets, 10 
Fundamental music frequency, 
23 


H 


Harmonic music frequencies, 


2 
Hum, 115 
Human ear 
characteristics of, 26 
sensitivity of, 26 


I 


Input connections, matching of, 
salt 


Installation, 109-123 
mechanical] fitting, 109-114 
leads, 110-111 
placement of pickup, 
111-112 
tone control, 112-114 
Instrument adaptation to 
amplification, 55-61 
Introduction to musical 
instruments, 7-26 


K 


Keyboard instruments, 50-51 
electrical pickups, 51-52 
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L 
Long-range mike pickup, 
30-33 


M 


Magnetic pickups, 43-50 
mounting of, 46-47 
pickup position, 44-46 
special effects of, 47-49 

Marimba, 21, 22 

Martenot, 116 

Matching, 96-97 
connections, 114 

Mechanical pickups, 43 

Microphone 
characteristics of, 29 

ceramic, 84 

magnetic, 84 

wide range, 84 
close range pick up, 33 
hookup to accordion, 35-36 
percussion pickup, 40-41 
piano pickup, 38 


pickup of brass instruments, 


36-37 


pickup of woodwind instru- 


ments, 36-37 
string pickup, 37 
Modes of bridge vibration, 
49-50 
Modes of string vibration, 49 
Modulators, 104-106 
capacitive, 106 
carbon resistive, 105 
percussion, 105 
Movement, bridge, 49-50 
Music, physical analysis of, 
23-28 
direction properties, 25 


fundamental frequencies, 23 


harmonic frequencies, 23 

overtones, 23 

tolerance of hearing, 25-26 

transient properties, 23 
glissendo, 25 
portamente, 24 


126 


Musical instruments 


introduction to, 7-26 

percussion, 21-23 

stringed, 7-12 
construction of, 8-10 
how played, 10-12 

wind, 12-21 
intonation of, 17, 19 
organs, 20-21 
overblowing of, 16-17 
reeds of, 16 

Music Synthesizer, 74-78 
portamento, 74 


O 


Oboe, 16, 18 
Ondes Martinot, 69-71 
glissandi, 70 
Ondiline, 116 
Organs, 20-21 
resonant reeds in, 20 
sound chest, 21 
Oscillators, 106-107 
fixed, 104 
RC, 104 
variable, 103-104 
Output power and distortion, 
95 


Overtone frequencies, 23 


Pe 


Percussion modulator, 105 
Percussion musical 
instruments, 21-23 
Physical analysis of music, 
directional properties, 25 
fundamental frequency, 23 
harmonic frequencies, 23 
overtones, 23 
tolerance of hearing, 25-26 
transient properties, 23 
glissendo, 25 
portamente, 24 
Piano 
electronic, 60-61 
soundboard, 7-8 


Pickups, 86-87 

Pizzicato, 10 

Polarizing in electrical 
pickups, 51-52 

Pressure-wave movement in 
a pipe, 13-14 


R 


RC oscillators, 104 
Reliability, 108 

Resonance, 9, 89-90 
Reverberation, 66-68, 90-92 
Rosin, 12 


S 


Sensitivity of human ear, 26 
Servicing, 115-118 
oscillators, 116-117 
pitch fluctuation, 117-118 
Simple wind pipes, 12-16 
Soundboard, piano, 7-8 
Speakers, 88-89 
Special effects, 61-66 
String* movement, 8 
Stringed musical instruments, 
7-12 
construction of, 8-10 
how played, 10-12 
Synthesizing music 
analysis of, 72-78 
rhythm and percussion, 
78-80 
System characteristics 
distortion, output power and, 
95 


frequency response, 95-96 

matching, 96-97 

output power and distortion, 
95 


T 


Thermin, 68-69, 116 

Three excitation points for 
strings, 11-12 

Timbre, 10 

Tolerance of hearing, 25-26 


Tone formation 
frequency dividers, 106 
oscillatory circuits, 106-107 
Tone generation, 102-107 
modulators, 104-106 
capacitive, 106 
carbon, 105 
percussion, 105 
oscillators, 
fixed, 104 
RC, 104 
variable, 103-104 
tone formation 
frequency dividers, 106 
oscillatory circuits, 106-107 
Tone generators, 67-72 
direct oscillator system, 
71-72 
Ondiline, 71-72 
Transducers, 83-94 
effects, 89-92 
microphones, 83-85 
pickups, 86-87 
speakers, 88 
Transient musical properties, 
glissendo, 25 
portamente, 24 
Tremolo and vibrato, 61-65 
diode circuit, 102 
varistor circuits, 100-101 
Trombone, 15-16 
Trumpet, 16 
mute, 19 


Vv 


Variable oscillators, 104 
Varitor circuits, 100-101 
Vibrato, 61-65 

Vibration, bridge, 49-50 


Ww 


Wind driven musical 
instruments, 12-21 
intonation of, 17, 19 
organs, 20-21 
overblowing of, 16-17 
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Wind driven—cont’d 
reeds of, 16 x 
simple pipes, 12-16 Xylophone, 21-22 
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ELECTRONIC MUSICAL INSTRUMENT HANDBOOK 


by Norman H. Crowhurst 
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Electronic Musical Instrument Handbook explains purely electronic and 
‘amplified musical instruments in an easy-to-understand manner that will 
be welcomed by techni ions, teachers, hobbyists, and every: 
ied in electronic musical instruments 

The book begins with an introduction to the operating principles of 
Ged, wind, and percussion instruments. It then explains how micro 
phones and special pickups are used in music reinforcement. The elec- 
tronic equipment necessary for music amplification is discussed next, along 
with an explanation of how electronic components are used with musical 
instruments to amplify sounds or produce speciol effects. 

‘A chapter on purely electronic musical instruments follows, describing 
te si to technicians and 
hobbyists will be the chapters on transducers (microphones, pickups, 
speakers, and reverberation units, for exomple), electronic circuit el 
ments, and the concluding chapter on installation and servicing of elec- 
tronic musical instruments, 
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